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Preface 


The global society requires sustainable and improved technologies for producing, 
converting, and storing energy. Innovative materials to afford useful devices are the 
key that we urgently need in energy utilization. Among the competing batteries, the 
rechargeable lithium-ion battery can essentially provide the highest specific energy 
and energy densities. The number of devices that are operated with lithium-ion 
battery continuously increases, and our daily lives depend on their performance. 
Thin-film lithium-ion batteries have already been implemented in several devices, 
such as microchips, medical implants, and small-scale power suppliers. The demands 
of thin-film lithium-ion battery having better performances are increasing together 
with the growing number of applications. However, there are still many problems to 
be solved for the market. 


This book provides recent research and trends for thin film materials relevant to 
energy utilization. The book has seven chapters with high quality content covering 
general aspects of the fabrication method for cathode, anode, and solid electrolyte 
materials and their thin films. The contributors to this book have extensive 
experience in various facets of lithium-ion battery including materials chemistry, 
device fabrication, nanotechnology, etc. It is fortunate that all of the chapters have 
been written by experts with different backgrounds. 


The development of novel devices has a strong possibility to induce innovation, 
because the mother of innovation, creativity, can be also produced by the 
unprecedented combination of apparently ordinary and well-known parameters 

in their field. Thus, reconstruction and coordination among the various disciplines 
such as physics, chemistry, materials, mechatronics, and electrics, on which energy 
materials are based, enhance to demonstrate the innovative thin-film devices. 


This book is the product of collaborations between all contributing authors who 
agreed to share their research expertise and technological visions for the future. 
We hope this book will significantly stimulate readers to develop new devices. We 
would like to express our gratitude to all the authors, publishers, and other research 
groups. Finally, we would like to acknowledge the sincere support of Ms. Romina 
Skomersic and Ms. Ana Pantar of IntechOpen publishing in evolving this book. 


Prof. Dr. Mitsunobu Sato and Dr. Hiroki Nagai 
Kogakuin University of Technology and Engineering, 
Tokyo, Japan 


Dr. Li Lu 

Professor, 

National University of Singapore, 
Singapore 


Section 1 


Introduction 


Chapter 1 


Introductory Chapter: Lithium-Ion 
Batteries - Thin Film for Energy 
Materials and Devices 


Hiroki Nagai and Mitsunobu Sato 


1. Thin film lithium-ion battery 


In 2019, the Nobel Prize in Chemistry has been awarded to John B. Goodenough, 
M. Stanley Whittingham, and Akira Yoshino for their research in improving battery 
technology. It is the invention of lithium-ion battery (LIB). The energy density of 
LIB with high discharge voltage (3.6 V) is nearly twice that of Ni-Cd batteries, and 
excellent cycle life and higher level of intrinsic safety have been demonstrated. The 
LIB has revolutionized our lives and is widespread from small-scale devices such as 
mobile phone to emergency distributed power supply, electric vehicle, etc. Lithium- 
ion batteries are evolving even now. Many current types of research for LIB focus on 
life extension, energy density, safety, cost reduction, and charging speed. 

Thin film LIB is one of the forms of LIB. It has attracted much interest for use as 
power sources of smart cards, implantable medical devices, micro-sensors, and so 
on. The thin film LIB is composed of the anode, cathode, and electrolyte with thick- 
nesses on the order of microns. As the demands for safety, higher energy density, 
and other performance metrics increase, research into anode, cathode, and elec- 
trolyte materials has been rapidly progressing. Cathode materials are often mixed 
metal oxides involving lithium ion such as LiCoO; and LiMn 04. Anode materials 
are lithium metal, carbon-based materials, and inorganic compounds. Both the 
cathode and anode materials are film, chosen for their ability to intercalate, and 
de-intercalate lithium ion while maintaining their structural integrity. The current 
research of electrolyte, whose form is preferable to be solid in thin film batteries, 
trends toward ceramics such as lithium lanthanum zinc oxide (LLZO) and lithium 
lanthanum titanium oxide (LLTO). The optimal electrolyte should be an efficient 
ion-conductor and a good electrical insulator allowing the battery to operate safely. 
The optimal combination of these materials can yield a battery that is light, thin, 
long-lasting, and safe. 


2. The structure of this book 


This book includes four categories: (1) method for thin film fabrication, 
(2) cathode, (3) anode, and (4) solid electrolyte, written by world authorities 
in these fields. The chapter of “Methods of Fabricating Thin Films for Energy 
Materials and Devices” describes the overview of the methodology for thin film 
fabrication. Thin film fabrication techniques can be categorized into two procedures 
representing dry and wet processes. Methods such as magnetron sputtering, pulsed 
laser, and chemical vapor deposition have been found to be capable of forming 
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thin films of good quality and are well established across the coatings’ industry. 
Alternative fabrication procedures such as the molecular precursor, electrospray 
deposition, and sol-gel method have been devised to ensure the thin film fabrica- 
tion at a low cost with no complicated equipment. 

Chapters 3 and 4 are related to cathode materials. The chapter 3 “Cathode 
Electronic Structure Impact on Lithium and Sodium Batteries Parameters “is based 
on her own investigations of A¿MO, cathode materials (A=Li, Na; M=3d) and 
demonstrates that the electronic structure of these materials plays an important 
role in the electrochemical intercalation process. The proposed electronic model of 
intercalation is universal and has outstanding significance with regard to tailoring 
the properties of electrode materials to the most efficient application in Li-ion and 
Na-ion batteries. The chapter reveals several correlations between electronic struc- 
ture, transportation of cations, and electrochemical properties of layered Li,CoO;, 
Li,Ni, y-¿CoyMn,0», and Na,C00; cathode materials and explains the apparently 
different character of the discharge/charge curve in Li,CoO; and Na,C00; systems. 
Chapter 4 “Cathode for thin film lithium-ion batteries” describes an overview of 
cathode materials including lithium-containing cathode for LIB, in terms of specific 
capacity, energy density, working voltage, cycling life, and safety. Furthermore, 
some modification strategies for these cathode materials are also discussed for 
improving electrochemical performance. Of course, the thin film Li-ion battery 
applications of these cathode materials are summed up toward next-generation 
flexible and high-energy devices. 

Chapters 5 and 6 are written regarding anode materials. The chapter 5 “Flexible 
Porous Carbon Nanotube Films Intercalated with Active and Functional Materials 
for Lithium-ion Batteries” focuses on several new carbon nanotube films for 
improving and enhancing the energy/power density and cyclic performance 
of LIB. Meanwhile, different carbon nanotube films have their own additional 
advantages in conductivity, strength, toughness, or thermal conductivity to 
meet various functional requirements of LIB. The chapter 6 “TiO, Nanoparticles 
Prepared by Sol-Gel Method for Anode Application in Lithium-Ion Batteries” 
describes TiO, electrochemical performances as anode material in LIB, which 
are investigated by cyclic voltammetry, galvanostatic cycles, and rate capability 
measurements. 

The chapter 7 focuses on the solid-electrolyte interface between anode materials. 
The chapter 7 “Surface Chemical Analysis of Solid-electrolyte Interphase Layer on 
Germanium Thin Films and the Effect of Vinylene Carbonate as Electrolyte Additive” 
focuses on germanium thin-film anodes for LIB applications. As part of this chapter, 
they review briefly the use of germanium thin-films in LIB and, subsequently, new 
results pertaining to the effect of vinylene carbonate (VC) as electrolyte additive on 
the electrochemical performance are presented. 


3. Conclusion 


The worldwide demand for energy requires that various improved technolo- 
gies for sustainable production, conversion, and storage of energy are developed. 
Energy materials as well as their assembled devices are urgently demanded, which 
are the key and foundation to realize the new energy. The reconstruction and col- 
laboration among various disciplines of energy materials based on physics, chemis- 
try, materials, mechatronics, and electricity are necessary to create novel thin film 
devices. We sincerely hope this book, which aims to develop and create innovative 
thin film energy devices, will be useful for the development of next-generation 
energy devices. 
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Section 2 


Methods of Thin Film 


Chapter 2 


Methods of Fabricating Thin Films 
for Energy Materials and Devices 


Philipus N. Hishimone, Hiroki Nagai and Mitsunobu Sato 


Abstract 


With the continued miniaturization of the electronic devices applicable in 
our daily lives, thin films of various functional materials used in such devices are 
increasingly preferred over the traditional bulk components. Various gas-phase 
methods have been found to be capable of depositing thin films of good quality 
and are well-established across the coatings’ industry. However, they are associated 
with ultrahigh vacuum systems and complicated and expensive instrumentation, 
and may involve toxic or corrosive chemical precursors. Alternative fabrication 
methods such as the electrospray deposition, the sol-gel method, and the molecu- 
lar precursor method have been devised and represent active research areas. The 
molecular precursor method is relatively new. However, it has been found to be 
capable of effectively fabricating thin films of various metal oxides and of metals. 
In this chapter, some methods employed in the fabrication of the thin films are 
discussed in detail. The ease of practical application and relative cost-effectiveness 
associated with each method, the quality, and type of the fabricated thin films are 
also discussed. Based on the recent results by the present authors, the fabrication 
and characterization of a highly conductive and well-adhered thin film of metallic 
copper by using the molecular precursor method are presented. 


Keywords: thin films, active materials, efficient electrical conductors, 
gas phase processes, liquid phase processes 


1. Introduction 


The use of highly functionalized thin films in various electronic devices has 
made life comfortable [1] and this is due to the enhanced functional properties 
of materials at the nano-scale level. At present, the miniaturization of various 
electronic devices is inevitable as the electronics industry looks at manufacturing 
thinner and lighter devices [2], in addition to reduced power consumption. For 
example, in secondary lithium-ion batteries (LIBs), electrodes employing thin 
films of active materials are preferred over their bulk counterparts due to the much 
improved electronic and ionic conductivity, increased specific surface area and 
the ease of controlling the morphology. This means that light and compact power 
sources with identical energy capacity to their heavier and large counterparts can be 
easily manufactured through thin films applications. 

Thin film fabrication is not only limited to applications in LIBs. In solar cells 
and various electronics, for example, thin films of semiconductors and conductors 
are also of great importance with the aim of replacing materials that are expensive 
and in short supply. In this field, copper (Cu) has emerged as an ideal candidate for 
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applications in microelectronic devices. It is abundant, and an excellent electrical 
conductor with a very low electrical resistivity (1.67 uQ cm), only second to silver, 
but more affordable. Additionally, Cu has excellent resistance against electro- 
migration, in comparison to aluminum which is currently used for interconnects in 
microelectronic devices [3]. 

Owing to the above-mentioned benefits of thin films” applications in LIBs and 
electrical devices, a considerable number of techniques have been established for 
the fabrication of these thin films. In this chapter, some of the effective techniques 
used in the deposition of thin films are described and discussed in Section 2. 


2. Established methods for fabricating thin films 


The fabrication techniques can be divided into two categories representing 
(1) gas phase and (2) liquid phase fabrication methods for thin films as outlined 
in Table 1. In this context, the gas phase fabrication methods are methods that 
involve the deposition of materials either from small particles of bulk solid 
materials or chemical precursors in vapor form whereas the liquid phase fabrica- 
tion methods refer to the methods involving a reaction between a substrate and a 
chemical precursor in a liquid state. 


1. Gas phase fabrication methods 2.Liquid phase fabrication methods 

1. Magnetron sputtering 1. Electrospray deposition 

2. Pulsed laser deposition 2. Electrochemical deposition 

3. Atomic layer deposition 3. Sol-gel method 

4.Chemical vapor deposition 4.Molecular precursor method 
Table 1. 


List of some of the methods for fabricating thin films for LIBs and devices. 


2.1 Gas phase fabrication methods 
2.1.1 Magnetron sputtering 


This is one of the most well-established techniques that is widely used in the 
industries to fabricate coatings of many different materials, including metals, 
semiconductors, and alloys [4, 5]. Thin films fabricated via magnetron sputtering 
prove to be of superior quality in comparison to those fabricated using other gas 
phase methods [4, 6]. The schematic representation of the magnetron sputtering 
set-up is shown in Figure 1. 

Before deposition, the chamber is evacuated to ca. 107* kPa and then refilled 
with Ar gas which is used as the sputter gas. Using strong electrical and magnetic 
field, magnetron sputtering employs the bombardment of the selected target’ sur- 
face by Ar* ions which are formed as a result of the collision between Ar gas atoms 
and electrons trapped within the magnetic field. The Ar’ ions are attracted toward 
the negatively charged target (cathode) and the bombardment leads to the ejection 
of the targets particles which are then redeposited as a thin film on the substrate 
placed on the anode, opposite to the target. Depending on the type of power source 
utilized, magnetron sputtering can be divided into two types namely, (1) direct 
current (dc) magnetron sputtering and (2) radio frequency (rf) sputtering. While 
dc magnetron sputtering is relatively cheaper in comparison to rf, only electrically 
conductive targets like metals or doped semiconductors are used [7]. Additionally, 
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a Substrate 


Thin film 


@ Ar atom 
+ Electron 
O Ar ion 
Target (fragment) 


Plasma 
Target (bulk) 


Cathode (-) 
— To vacuum 


Magnets 


Power supply 


= o 


RF 


Figure 1. 
Schematic representation of a magnetron sputtering equipment and deposition process. 


reactive gases such as oxygen or nitrogen gas are used to react with the sputtered 
materials, in the fabrication of thin films for metal oxides or nitrides, respectively. 
The technique is referred to as “reactive magnetron sputtering”. Table 2 lists the 
superiorities and limitations associated with the magnetron sputtering technique. 


Superiorities Limitations 

1. Well-established for the deposition of various ele- 1. Expensive, complicated and ultrahigh- 
ments, alloys, and compounds vacuum systems required 

2. Ability to fabricate thin films of high quality and 2. Low deposition rates and low ionization 
identical composition with the target materials efficiencies 


3. Expensive target materials. 
4.High substrate effect by the sputtered 
particles 


Table 2. 
Superiorities and limitations associated with the magnetron sputtering technique. 


2.1.2 Pulsed laser deposition (PLD) 


The schematic representation of a PLD setup is shown in Figure 2. 

The PLD technique employs the ablation of a target material with a strong, 
pulsed laser beam to produce a plume of vaporized materials which is then re- 
condensed and deposited onto a substrate, placed opposite the target, under a 
reduced pressure atmosphere of ca. 107-107? kPa [8-10]. Depending on the target 
material, its morphology, and the laser pulse wavelength and duration, there is a 
specific threshold power density that is required to cause ablation [11]. Therefore, 
a good understanding of the various parameters is required for a successful plume 
generation and subsequent thin film deposition. The stoichiometric transfer of 
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Pulsed laser 
beam 


Sample holder 


Rotatable target 


holder Substrate 


Laser plume 
Target Vacuum chamber 
~10* —10*kPa 


Figure 2. 
Schematic representation of PLD setup. 


materials from the target to the substrate earned PLD a reputation as fabrication of 
choice for thin films with complicated stoichiometry or sandwich structures [12], in 
comparison to other gas phase techniques. 

Although the fabrication of thin films with identical stoichiometry as the target 
materials is one of the superior characteristics of PLD, the stoichiometry can be 
compromised when multi-component materials with volatile constituents are used 
[11-13]. As a remedy, a background gas such as oxygen or nitrogen is introduced 
in the reaction chamber to compensate for the lack of stoichiometry, during the 
fabrication of metal oxides or nitrides’ thin films, respectively. The superiorities 
and limitations of the PLD technique are summarized in Table 3. 


Superiorities Limitations 
1. Stoichiometric transfer of materials from the 1. Expensive, complicated and ultrahigh-vacuum 
target to the thin film systems are required 
2. Ideal for fabricating multi-layered thin films 2. Difficult to scale-up for mass production 
3. Ideal for the deposition of thin films for high-T. 3. Unwanted ablation impurities are often 
superconductors incorporated in the thin film 
Table 3. 


Superiorities and limitations associated with the PLD technique. 


2.1.3 Atomic layer deposition (ALD) 


The ALD technique is based on sequential and self-limiting reactions of a chemical 
precursor in vapor form, with an activated or functionalized surface of the substrate 
[14, 15]. The self-limiting property of this technique is realized in a sense that, if all 
functional sites on the substrate have reacted, no further reaction between the chemi- 
cal precursor and the substrate will take place [14, 16]. Figure 3 illustrates the concept 
of ALD in the fabrication of a TiO2 thin film. The steps are defined as follows: (a) 
precursor exposure, (b) purge, (c) reactant exposure, and (d) purge. By repetition of 
step (a)-(d), layers of TiO, can be easily formed and the thickness can be controlled at 
the atomic level. Under a vacuum pressure of ca. 10 kPa or less, the chemical precur- 
sors are maintained in a vapor phase by adjusting a specific temperature referred to 
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(a) (b) 
y* 


AAAA 


Substrate 


& TiCl, (precursor) +d H,O (reactant) ~ HCI (by-product) 


Figure 3. 
Schematic representation of 1 cycle of an ALD process for the deposition of a TiO, thin film from titanium 
tetrachloride and water. 


as the “ALD temperature window” [17], to achieve optimum reaction kinetics and 
avoiding condensation or thermal decomposition of the precursor. 

The superiority of ALD over other gas phase processes for the deposition of thin 
films is realized through its exceptional conformity, the ability to control thickness 
at the atomic level and tunable film composition [15, 18, 19]. Through this route, 
the deposition of thin films on substrates with highly-structured geometries can be 
easily achieved, and ALD has been considered as the ideal method for fabricating 
highly conformal seed layers [20, 21]. This is also of great importance for applica- 
tions in the concept of integrated batteries [22], that aims at maintaining the storage 
capacity of miniaturized LIBs. Although the fabrication of metallic copper thin films 
has been achieved [17, 21, 23-25], the deposition of metallic thin films is generally 
limited due to the lack of precursors suitable for ALD processes. The vaporization of 
chemical precursors, difficulty in controlling their thermal decomposition and lack 
of efficient self-limited reactivity with surfaces are some of the challenging aspects 
in ALD [19]. In addition, during the designing stages of certain chemical precursors, 
the by-products associated with the proposed chemical reaction need to be carefully 
considered as toxic or corrosive chemicals are likely to be those by-products. Table 4 
lists the superiorities and limitations of the ALD technique. 


Superiorities Limitations 
1. Suitable for the fabrication of highly confor- 1. Low deposition rates 

mal thin films 2. Requires functionalized substrates to ensure reac- 
2. Chemical reactions are highly selective toward tion with the chemical precursors 

the substrates and are self-limiting 3. The technique is limited due to the unavailability 
3. Thickness control at atomic scale allows for of suitable chemical precursors 


the deposition of ultra-thin films 


Table 4. 
Superiorities and limitations associated with the ALD technique. 
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2.1.4 Chemical vapor deposition (CVD) 


Defined as the deposition of solids onto heated substrates from chemical reactions 
in vapor phase [26, 27], CVD represents a versatile deposition technique of thin films 
for a wide range of materials, under vacuumed atmospheres and temperatures over 
600°C, and it is an established technique for the deposition of thin film for microelec- 
tronics, ohmic and Schottky diode contacts, diffusion barriers, wear-resistant coat- 
ings, etc. [26-29]. The schematic representation of a CVD setup is shown in Figure 4. 


Substrate 
Bubbler—_ 


Chemical Carrier Reactive 
precursor 


er Exhaust, 
vacuum pump 


Figure 4. 
Schematic representation of a CVD setup. 


In atypical CVD experiment, a combination of chemical precursors showing 
stable vaporization behavior is carefully selected. Using an inert carrier gas, usually 
Ar or N» gas, the vaporized precursors are carried into an evacuated furnace (reac- 
tion chamber) and mixed with an additional reactive gas or two. In the fabrication 
of metal oxide thin films, oxygen gas is used as the additional carrier/precursor 
gas. On the other hand, if the desired thin film is metallic, such as Cu, a reducing 
atmosphere is created by using H) gas [30, 31]. 

The CVD technique benefits from the fact that it does not require ultrahigh 
vacuum systems like in the magnetron sputtering and PLD techniques [26, 32]. In 
addition, CVD is a kinetically driven process, associated with minimized agglom- 
eration and also benefiting from faster deposition rates, in comparison to ALD [32, 
33]. Because different precursors have different evaporation rates, it is generally 
difficult to deposit multicomponent thin films by CVD. Other drawbacks of CVD 
include possible chemical and safety hazards of toxic, corrosive and flammable 
precursors or exhaust gases, and poor thin film adhesion-strength [27, 28]. The 
superiorities and limitations associated with the CVD technique are summarized 
in (Table 5). 


Superiorities Limitations 
1. High deposition rates 1. High temperatures are required to decompose 
2. High throwing power that allows for the coating the chemical precursors 
of deep recesses, holes and other complicated 3-D 2. Chemical precursors with high vapor pressure 
configurations are often hazardous and toxic 
3. Does not require ultrahigh-vacuum systems 3. The required neutralization of toxic and 


corrosive byproducts raises the cost of the 
technique 


Table 5. 
Superiorities and limitations associated with the CVD technique. 


14 


Methods of Fabricating Thin Films for Energy Materials and Devices 
DOI: http://dx.doi.org/10.5772/intechopen.85912 


2.2 Liquid phase processes 
2.2.1 Electrospray deposition (ESD) 


ESD involves the deposition of charged particles formed as a result of liquid 
atomization by an electrical force. The atomization of the liquid by electrical force 
allows for the generation of small particles, of narrow size distribution which 
can be uniformly dispersed over the substrate and, ESD has been considered as a 
promising technique for the formation of high-quality layers and films [34]. If the 
ESD process is carried out at elevated temperatures, thin film formation is achieved 
through the thermal decomposition of the precursor solution during deposition 
[35] and the process is referred called “electrospray pyrolysis (ESP) ” The schematic 
representation of the ESD setup is shown in Figure 5. 


This film 


Precursor solution \ 
+. 
IS 


Metal plate 


Electrically conductive 


Capillary substrate 


| 


High voltage 


Figure 5. 
Schematic representation of an ESD setup. 


As shown in Figure 5, the ESD method is based on supplying a precursor solution 
through a metallic capillary which is maintained at high electrical potential. Ideally, 
the solution forms a Taylor cone at the tip of the capillary and emitted as a solution jet 
composed of many highly charged droplets that are homogeneously dispersed in the 
space between the nozzle and the counter metallic plate (substrate holder) by Coulomb 
repulsion forces [34]. The quality of the resultant thin films can be easily controlled by 
adjusting variables such as the applied voltage, distance between the atomizing nozzle 
and, the flow rate, concentration and amount of the precursor solution. 

In addition to a very low throughput associated with the ESD technique, thin 
film deposition on insulating substrates is generally not possible due to charge accu- 
mulation on the substrate, which leads to the repulsion of more incoming charged 
particles [34]. Modifications such as the use of alternating current (ac) [36] and 
extractor electrodes [34] have been employed to solve the charge repulsion issue 
and ensure the thin film deposition on insulating substrates via ESD. However, this 
complicates an initially simple experimental setup. The superiorities and limitations 
of the ESD technique are listed in Table 6. 


Superiorities Limitations 

1. Simple instrumentation 1. The strong electric field is required 

2. Uniform coating on large areas and easy 2. Thin film fabrication on insulating substrates is 
controlling of the surface morphology challenging 

3. The rate of deposition can be easily 3. The technique is associated with low throughput 
controlled by adjusting the voltage and 4.The technique is very sensitive to the physical proper- 
flow rate ties of the used liquid and it’s very difficult to obtain a 


stable cone-jet throughout the experiment 


Table 6. 
Superiorities and limitations associated with the ESD technique. 
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2.2.2 Electrochemical deposition (ECD) 


Considered as one of the cheapest methods for the deposition of thin films, 
ECD represents a major technology for mass production of large area metal- 
lic protective coatings in the industry [37]. The deposition technique employs 
a combination of reduction and oxidation reactions of chemical precursors in 
electrolytes of aqueous solutions, organic solutions or fused salts [38, 39]. In addi- 
tion to cost, other advantages of the ECD include low fabrication temperature, 
high purity and, the ease of controlling thin film thickness, uniformity and rate of 
deposition by adjusting the deposition parameters [40-42]. The electrochemical 
technique can be divided into two groups, namely, (1) electrolysis plating which 
uses external power source to drive the electrochemical reaction that leads to the 
deposition of a thin film onto an electrically conductive substrate and, (2) electro- 
less plating which does not require external power supply but requires the use of 
catalysts to activate the surface of the specimen. The schematic representations of 
the electrochemical techniques for the fabrication of metallic copper thin films are 
given in Figure 6. 

During electrolysis deposition, the external power source causes the dissolution 
of the metal from the anode (usually a copper rod or plate). The dissolved Cu”* 
ions are then reduced and redeposited on the surface of the electrically conductive 
substrate (Cathode). An electrolytic solution involving a salt of copper such as 
CuSO, is used for the electrochemical bath to maintain the balance of Cu”* ions. In 
electroless plating, the electrolytic solution is also the source of the Cu” ions and 
a reducing agent such as formaldehyde (HCOH) is added to the plating bath. The 
introduction of a substrate with an activated surface (by PdCl, or SnCl)) initiates 
the reduction of Cu” to metallic copper, subsequently forming a film on the surface 
of the substrate. In both the electrolytic and electroless plating, various alkaline or 
acidic electrolytic solutions are used and are important for maintaining the pH and 
stabilities of the plating baths [43]. 


(a) (b) 


Pd (catalyst) 


“e 


HCHO 


Cu’ 


Cuso, 


(electrolytic solution) (electrolytic solution) 
Anode 


Anode; Cu — Cu™ + 2e Anode; 
2HCHO + 40H — 2HCOO + H, + 2H,0 + 2e 


Cathode; Cu’ + 2e° — Cu Cathode; Cu?’ + 26° — Cu 


Figure 6. 
Schematic representation of the electrochemical deposition techniques. (a) Electroplating. (b) Electroless plating. 
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Unlike in the field of metal plating, the deposition of thin films with semicon- 
ducting properties is challenging due to complications in controlling the reaction 
kinetics of multiple compounds in the solutions, at ppm level [37]. However, the 
major breakthrough came with the preparation of CdTe layers for solar cells and 
modules and, since then films of semiconducting materials such as CIGS [37] and 
LiMn,O, [44] have been successfully fabricated. Although electroless plating is 
considered as a promising technique for the deposition of thin films especially on 
insulating substrates, the use of PdCl, or SnCl, compromises the quality of the thin 
films [45]. In addition, the selection of the chemical components for the electrolytic 
solution is important for ensuring that the reduction reaction occurs only on the 
surface of the activated substrate [43]. Table 7 lists some of the well-known superi- 
orities and limitations of the ECD techniques. 


Superiorities Limitations 

1. Inexpensive instrumentation 1. Poor adhesion, the inclusion of cracks, blis- 

2. Applied at room temperatures and pressures ters, and pinholes in the resultant thin films 

3. Properties of the thin films can be easily controlled 2. Toxic supporting electrolytes or complexing 
by modifying the electrochemical variables agents such as cyanide are used 

4. Suitable for large area deposition 3. The substrate must conductive. If not, a 


catalyst is required 


Table 7. 
Superiorities and limitations associated with the ECD technique. 


2.2.3 Sol-gel method 


The sol-gel method has emerged as a method of choice for the fabrication of 
ceramics and glasses and, it is considered as a cost-effective alternative to the well- 
established gas phase processes. The sol-gel method is a two-chemical processes 
technique based on the hydrolysis and condensation of molecular precursors and 
has since been considered to be capable of offering new routes for the low-tem- 
perature fabrication of oxide materials [46]. Because all gel products may contain 
nanoparticles or are nano-composites, the sol-gel method has been deemed as 
typical nanotechnology [47] and the fabrication of thin films can be easily achieved 
after its integration with spin-coating or dip-coating. 

In a typical sol-gel process, metal precursors (of the desired metal oxide) 
derived from metal salts in aqueous solutions, metal alkoxides in organic solvents, 
or a combination of the two are used. During the hydrolysis step, metal-hydroxide 
groups are formed by changing the pH of the aqueous solution or adding water to 
the metal alkoxides. The subsequent condensation reaction results in the formation 
of metal-oxygen-metal bonds, with different polymerization and poly-condensa- 
tion processes leading to the gradual formation of the solid phase network [48]. 
Although a network of metal-oxygen-metal bonds of the desired metal oxide is 
obtained from the polycondensation step, additional drying and annealing steps are 
required for the removal of organic materials and improvement of the crystallinity 
of the resultant thin film. A typical sol-gel process for the formation of SiO, from 
silicone alkoxides is given in Figure 7 [49]. 

Although the sol-gel method has become an indispensable technique in the 
fabrication of thin films for metal oxides, principally, the fabrication of metallic 
thin films is not viable. In addition, a good understanding is required for the selec- 
tion of appropriate precursors and the sophisticated chemical processes leading to 
the hydrolysis and condensation. The stabilization of the transition metals against 
hydrolysis, condensation, and other nucleophilic attacks is generally challenging. It 
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Figure7. 
Typical sol-gel process for SiO, formation from silicon alkoxides [49]. 


is also important to make sure that the transition metal is sufficiently saturated in 
solution, to avoid different reaction mechanism. Finally, proper control of the mois- 
ture and hydrolysis conditions is required to avoid precipitation of the transition 
metal alkoxides [48]. Therefore, all these aspects make the preparation of suitable 
coating precursors for the sol-gel method quite complicated. The superiorities and 
limitations of the sol-gel method are presented in Table 8. 


Superiorities Limitations 
1. Inexpensive instrumentation 1. The chemical precursors are not stable against 
2. Thin films of metal oxides can be fabricated at hydrolysis and side reactions 
relatively low temperatures in comparison to 2. High annealing temperatures are required to 
the conventional melting technique improve the crystallinity of the film due to the 


involved rearrangement of the metal-oxygen- 
metal network 


Table 8. 
Superiorities and limitations associated with the sol-gel technique. 


2.2.4 Molecular precursor method (MPM) 


The molecular precursor method is an effective, wet chemical process that was 
developed by the current authors, for fabricating nano-crystalline thin films of 
metals and, various metal oxides and phosphates [1, 49-53]. In the fabrication of 
these thin films by the MPM, metal complexes are dissolved in ethanol by combin- 
ing them with appropriate alkylamines and this yields good coating solutions, with 
many practical advantages and are ideal for various coating procedures such as spin- 
coating, dip-coating, and flow-coating. Additionally, the development of aqueous 
precursor solutions have been successfully achieved [54, 55] and, these solutions 
can be easily applied for the fabrication of thin films via spray-coating at ambient 
conditions. To date, over 40 different kinds of thin films for metal oxides or phos- 
phates have been easily fabricated by using the MPM. The procedure employed by 
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Figure 8. 
Procedure for fabricating a titania thin film via the MPM. 


the MPM is represented by the example of fabricating the titanium dioxide thin 
film [1] illustrated in Figure 8. The procedure starts with the preparation of a coat- 
ing solution by reacting an isolated Ti(IV) complex of ethylenediamine-N, N, N’,N’- 
tetraacetic acid (EDTA) with dipropylamine in ethanol. The precursor solution, 
which shows stability against up to 10% water [56], is suitable for spin-coating onto 
a glass substrate and dried at 70°C to yield an amorphous film. In order to obtain 

a thin film of metal oxide spread homogeneously on the substrate after the subse- 
quent heat-treatment, it is important that the precursor film is amorphous. Just as 
the case with the metal/organic polymers in the sol-gel method. The precursor film 
is then heat-treated at 450°C in air, to eliminate the organic components involved 
and a transparent thin film of titania is obtained. 

In comparison to the sol-gel method, the MPM produces precursor solutions 
that are stable and can be stored for longer periods without being hydrolyzed. It is 
considered that thin films with much smaller crystallite sizes can be fabricated by 
the MPM due to the ease of metal oxides’ nucleation. This is a result of a large num- 
ber of crystallites instantly formed during the removal of organic ligands via the 
heat-treatment step of the MPM, in comparison to the rearrangement of polymer 
chains during the same stage in the sol-gel method [49]. Consequently, thin films 
of metal oxides can be easily fabricated at relatively low annealing temperatures via 
the MPM in comparison to the sol-gel method. 

By following the procedure outlined in Figure 8, the fabrication of thin films for 
a novel thin-film lithium-ion battery (LIB) which can be charged by light irradia- 
tion, and thus functioning as a photovoltaic-LIB was recently achieved [57]. The 
device uses thin films of TiO, and LiCoO; deposited on fluorinated tin oxide (FTO) 
pre-coated glass substrates, as the anodic and cathodic active materials, respec- 
tively, and an electrolytic solution containing LiPF;. In another study employing the 
MPM, the fabrication of the first p-type Cu;O transparent thin film with properties 
identical to those of thin films fabricated by using gas phase processes was also 
achieved [58]. A dry-type solar cell utilizing this CuzO transparent thin film com- 
bined with a Vis-responsive anatase thin film also fabricated by the MPM could be 
successfully constructed and evaluated [49]. 
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2.2.5 Highly conductive and well-adhered Cu thin film fabricated by heat 
treatment of a precursor film obtained by spray-coating an aqueous solution 
involving Cu(II) complexes 


The compatibility of the MPM with the spin-coating and dip-coating techniques 
in the fabrication of a Cu thin film and embedding Cu in Si trenches has been 
described in our earlier reports [59, 60]. Very recently, our group succeeded in the 
fabrication of a highly conductive and well-adhered thin film of copper by heat- 
treatment of a precursor film obtained via spray-coating [55]. Spray-coating and 
other spray-on related techniques benefit from the relatively simple and inexpensive 
instrumentation set-up, reduced material losses [61], ability to be adjusted for 
large area deposition and produce thin films in a Roll-to-Roll and high throughput 
process in comparison to other solution-based techniques such as spin coating [62]. 

It is however important that a precursor solution suitable for spray-coating is 
developed. In our recent study, the stable and VOC-free solution was developed by 
mixing a Cu(II) complex of EDTA ([Cu(H;edta)]+H,O) and Cu(II) formate with 
ammonia, in water. The ratio of [Cu(H,edta) ]:Cu(II) formate was 1:4 and the total 
concentration of Cu” in the precursor solution was 0.1 mmol g”*. The aqueous 
solution could be easily sprayed onto a quartz glass substrate pre-heated to 180°C, 
without forming solids that may clog the nozzle tip of the airbrush. The sprayed 
film denoted as Fas-sprayed was heat-treated at 350°C for 50 min in Ar gas (the 
resulting film is denoted FHT), followed by a post-annealing step whereby an 
identical-sized, clean quartz glass was placed on top and heat-treating at 400°C 
for 50 min also in Ar gas. The final resultant thin film is denoted as FHP. The XRD 
patterns of Fas-sprayed, FHT, and FHP are shown in Figure 9. 

The XRD pattern of the as-sprayed film shows peaks assignable to the (111), 
(200) and (220) crystal phase of metallic copper at 43.4, 50.5 and 74.2°, respectively 
(ICDD card no. 00-004-0836). The pre-heating temperature was sufficient to 
induce the crystallization of metallic copper. However, although the spray-coating 
was carried out in the air, at a substrate temperature of 180°C, the crystallized Cu’ 
was not oxidized as there were no peaks assignable to the oxide species of copper 
observed in the XRD spectrum of Fas-sprayed. It is proposed that the carbon atoms 
derived from the EDTA ligand could effectively protect the Cu” against oxidation 


Intensity (a.u.) 
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Figure 9. 
XRD patterns of Fas-sprayed, FHT, and FHP. The peaks are denoted as follows: 9 Cu and I Cu,O. 
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at a preheating temperature of 180°C. After the heat-treating procedure, the XRD 
pattern of FHT shows additional peaks at 36.6° and 61.6° assignable to the (111) and 
(220) crystal phase of Cu,O, respectively (ICDD card no. 01-071-3645). It is how- 
ever notable that the as-sprayed film was not extensively oxidized by heat-treating 
at 350°C for 50 min under an Ar gas atmosphere containing about 10 ppm of air as 
an impurity. The CuzO phase was successfully removed during the post-annealing 
procedure whereby the carbon atoms remaining within the film were used to reduce 
the Cu‘ to Cu’. Asa result, the XRD pattern of the FHP film shows only peaks 
assignable to metallic copper. 

Figure 10 shows the Auger Electron Spectroscopy (AES) measurements of FHP. 
The surface scan (Figure 10a) indicated that the thin film is composed of C and Cu, 
as has been confirmed by one peak at 265 eV assignable to electrons of carbon atom 
and three peaks (LVV) at 764, 835, and 914 eV assignable to electrons of Cu, respec- 
tively. The curve-fitting result (Figure 10b) revealed that all carbon atom present 
in the thin film is neutral. The effectiveness of the carbon atoms present in the film 
has been illustrated in the protection of the FHT film against excessive oxidation. 
Specifically, the ratio of CuzO:Cu peaks assignable to the (111) plane of each phase 
in FHT was 4:96. This implies that the carbon atoms derived from the EDTA ligand 
and formic acid [of Cu(II) formate] were vital for further protection of the formed 
Cu’ phase in an Ar gas atmosphere containing less than 2 ppm of oxygen gas. On 
the basis of our previous procedures, the post-annealing procedure accounts for the 
removal of up to 50% of the carbon atoms present in the film, right after the heat- 
treatment procedure. Therefore, it is acceptable that the neutral carbon is existing 
in the resultant thin film, FHP. Interestingly, the carbon atoms did not disrupt the 
electrical conductivity of the film. 

Figure 11 shows the FE-SEM (a) and AFM (b) images of FHP. The images 
show morphologies composed of well-connected Cu grains and a densely depos- 
ited matrix of Cu grains can be observed from the FE-SE cross-sectional image, 
consequently promoting electrical conductivity within the film. The crack-free 
and densified film FHP of 100 nm thickness has an electrical resistivity of 
3.8(6) x 10° Q cm. 
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Figure 10. 


(a) Auger spectrum of FHP. Peaks are denoted as follows: 0 Cu and WC. (b) Curve-fitting results for the 
carbon state in FHP. The solid, dotted, and dashed lines represent FHP, C (neutral) and C (tetravalent), 
respectively. 
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Figure 11. 
(a) FE-SEM images showing the top and cross-section views of the FHP film. (b) 3D AFM image of the FHP 
film. 
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Figure 12. 
Reflectance spectra of FHP. 


Figure 12 shows the reflectance spectra of the FHP film. The reflectance of FHP 
approaches over 90% in the far infrared region which is comparable to the conduc- 
tive and semi-transparent Cu thin film previously reported by our group [59] and 
can also be useful as an excellent reflector in the far-infrared region. Results of the 
stud-pull coating adhesion test indicated that the thin film strongly adhered onto 
the quartz glass substrate with an adhesion strength of up to 37 MPa. This adhesion 
strength was efficiently attained without any chemical or physical modification of 
the substrate's surface and it is expected to be a result of the interface having bonds 
between Cu and the O” belonging to the quartz glass substrate. 

The research for the next generations is looking at the utilization of environ- 
mentally friendly reagents to achieve the fabrication of functional thin films for 
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various materials. Therefore, the aqueous precursor solution used in our recent 
study has the potential as a promising technique for the fabrication of metallic 
Cu thin films for various applications. In our study, solutions involving different 
Cu(II) complexes were investigated. For example, a nonconductive film of cop- 
per was obtained after heat-treating a film from a solution involving the Cu(II) 
complex only. In addition, it is important to point out that the precursor solu- 
tion with a [Cu(Hzedta)]:Cu(Il) formate ratio of 1:4 gave the best results with 
good reproducibility. The importance of designing and mixing different Cu(II) 
complexes involved in the coating solution was clearly illustrated. By varying the 
ratio of the Cu(II) complexes in the coating solution, films with different crystal 
structures, morphologies, and electrical properties could be obtained. And this 
is the advantage of the MPM which enables to design metal complexes in coating 
solutions, at the molecular level. By using the spray-coating technique, our group 
also managed to fabricate a thin film of LCO on a non-crystalline quartz glass 
substrate. 

Established just over 22 years ago, the MPM is a relatively new method in 
comparison to other thin film fabrication methods described earlier in this chapter. 
However, it is emerging as an effective chemical method for the fabrication of 
various transparent thin films of metal oxides and highly conductive thin films of 
metallic Cu. The superiorities and limitations of the MPM are given in Table 9. 


Superiorities Limitations 

1.Stable and homogeneous precursors of different 1. Thermal decomposition and removal of 
kinds of metal complexes can be easily prepared the organic components from the precursor 

2. The coating solutions can be tailored for different films are necessary 


coating techniques 

3. The fabrication of metal oxide thin films can 
be achieved at lower annealing temperatures as 
compared to other liquid phase processes such as the 
sol-gel method 


Table 9. 
Superiorities and limitations associated with the MPM technique. 


3. Conclusions 


Various fabrication techniques for thin films applicable to energy materials and 
devices have been described and discussed in details. Gas phase processes such as 
magnetron sputtering and PLD have been identified to be capable of fabricating 
thin films of high quality and are well-established in the coating industry. However, 
expensive and complicated instruments are required. The ALD and CVD techniques 
are suitable for the fabrication of thin films onto substrates with complicated 3-D 
structures. However, potentially toxic and corrosive chemical precursors are used. 
Additionally, the fabrication of thin film with different chemical components is 
challenging due to the different properties of chemical species in the vapor phase. 

The liquid phase processes are cost-effective alternatives to their gas phase coun- 
terparts. The ESD benefits from the ability to control the surface morphology of the 
deposited thin film but suffers from low throughput and difficulties to deposit films 
onto insulating substrates. ECD is well-established for the fabrication of thin films 
for metallic coatings such as copper, on a large area. However, the resultant thin 
films suffer from weak adhesion and poor surface morphology. The sol-gel method 
has been extensively developed for the fabrication of thin films for metal oxides at 
relatively low-costs in comparison to the gas phase processes. The poor stability of 
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the chemical precursors against hydrolysis and deviating reaction mechanisms are 
some of the challenges encountered. 

The MPM is an emerging liquid phase process capable of fabricating thin films 
of metal oxides such as TiO), LiCoO,, and p-type CuzO etc. and the functionalities 
of these thin films in energy devices have been evaluated in a PV-LIB [53] and a 
dry-type solar cell [49]. Thin films of metallic copper have also been successfully 
fabricated by the MPM. This shows that the MPM is earning its place among afford- 
able and effective techniques for the fabrication of thin films for future energy 
materials and devices. 

Although there are other additional fabrication techniques, the chapter provided 
an insight into some of the well-established and promising techniques for the fabri- 
cation of future energy materials and devices, taking into consideration the costs in 
terms of the required instrumentation and thin film deposition conditions. 
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Abstract 


The author of this work basing on her own investigations of A,MO; cathode 
materials (A = Li, Na; M = 3d) has demonstrated that the electronic structure of 
these materials plays an important role in the electrochemical intercalation process. 
The proposed electronic model of intercalation is universal and has outstanding 
significance with regard to tailoring the properties of electrode materials to the most 
efficient application in Li-ion and Na-ion batteries. The paper reveals correlation 
between electronic structure, transport, and electrochemical properties of layered 
Li,CoO;, Li,Ni;_y-,CoyMn,O) and Na,C00; cathode material and explains of appar- 
ently different character of the discharge/charge curve in Lix,CoO; (monotonous 
curve) and NaxC00O, systems (step-like curve). Comprehensive experimental studies 
of physicochemical properties of Li,Ni,_y-¿CoyMn,O) cathode material (XRD, elec- 
trical conductivity, and thermoelectric power) are supported by electronic structure 
calculations performed using the Korringa-Kohn-Rostoker method with the coherent 
potential approximation (KKR-CPA) to account for chemical disorder. It is found 
that even small oxygen defects (-1%) may significantly modify DOS characteristics 
via formation of extra broad peaks inside the former gap leading to its substantial 
reduction. 


Keywords: lithium and sodium intercalation, electronic structure, LixCoO;, 
Li,Ni-y-¿CoyMn¿0),, NaxCoO 


1. Introduction 


Lithium or sodium intercalation into layered MO, transition metal oxides 
involves both ions and electrons, and can be expressed by the equations: 


xLi' + xe + MO» 2 Li,MO, 
or (1) 


xNa' +xe + MO, 2 Na,MO, 
This reaction involves energy at the level of several eV/atom, which is associated 
with deep d-type electron levels in transition metal compounds. This enables the 


storage of several hundred Wh/kg and makes it possible to build power sources 
with high volumetric and gravimetric energy density. 
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The many years of the author’ studies of various transition metal compounds: 

Li, TiS, and Na,TiS; [1], LixCoO; [2], Na,C00; [3-6], LixVO; [7 8], Li,W,V1_,O> [9], 
LiNiO, [10], Li, WO; [11], Li,YBa,CuzO,_s [12, 13], Li,Mn30, [14, 15], Li,(Co,Ni,Mn) 
O, [16], LiNio s_yCuyMn, 504-5 [17] showed that the electronic structure and transport 
properties of the cathode material play a significant role in the intercalation process. 
Experience in the field of ionic and electronic defect structure in transition metal 
compounds allowed the author to see the phenomenon of intercalation as an ionic- 
electronic process from a perspective different than the one that is commonly pre- 
sented in the literature. This became a starting point for the proposition of an original 
concept of the intercalation process and the related phenomena [3, 14, 18, 19]. 

For a A/A*/A,MO,-type cell (A = Li or Na) with a cathode material with the con- 
centration of electronic charge carriers in A,MO; determined by the concentration 
of intercalated alkaline ions, it can be demonstrated that the variation of the cell's 
electromotive force as a function of intercalation degree corresponds to variations 
of the Fermi level in the cathode material [4, 14]. The electromotive force (E) of a 
A/A*/A,MO, cell is the difference in the chemical potential of lithium (sodium) in 
the cathode and anode (metallic Li or Na) materials: 


MA(cathode) = MA(anode) = -F-E (2) 


Since the potential of the A/A* anode is constant (constant concentration of Li* 
or Na’ ions in electrolyte), the variations of electromotive force of the cell can be 
ascribed to the changes in [a(cathode) i.e. —F-AE = Apta(cathode)- The chemical potential 
of lithium (sodium) in the cathode material can be represented as a sum of chemi- 
cal potentials of lithium (sodium) ions and electrons: 


HA(cathode) = HA* + He (3) 
Since the chemical potential of lithium (sodium) ions can be expressed as: 
wat = 1 4*+kgT-In[A*] (4) 
thus: 


Aua’ = keT In ly 


[A']; (5) 


where f andi denote the final and initial states, respectively. 

The chemical potential of electrons in the cathode material can be identified 
as the energy of the Fermi level; the changes in the latter are determined by the 
electronic structure (DOS—density of states) in the vicinity of Ep, and can vary 
in the range of 1 eV or more upon the introduction of electrons during lithium 
(sodium) intercalation. For a change in lithium (sodium) ion concentration that 
is of the order of 1 mole (A[A*] - 1), the change in the chemical potential of 
lithium (sodium) ions in the cathode material (Ap4*) is of the order of kgT, i.e. 
only 0.025 eV at the room temperature (Eq. (5)), while the change in the chemi- 
cal potential of electrons in the cathode material may be as much as two orders of 
magnitude higher (Aya? < < Ape). Therefore, the variations of the electromotive 
force of the A/A*/A,MO, cell which accompany the intercalation reaction cor- 
respond mainly to those in the chemical potential of electrons (i.e. Fermi level 
variations) of the cathode material. Figure 1 shows the electronic scheme of the 
A/A*/A,MO, cell and depicts the difference in the chemical potentials of electrons 
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Figure 1. 

(a) Density of states of Li,MO, and lithium illustrating difference in chemical potential of electrons and 
resulting electromotive force of Li/Li*/Li,MO, cell. Expected character of the discharge curve (EMF) of the Li/ 
Li*/Li,MO, cell, depending on the electronic structure of the cathode material (step-like (b) and monotonic (c)). 


in the cathode and anode materials and the related electromotive force of the cell. 
The electrons inserted into the cathode material during intercalation together 
with an equivalent number of lithium (sodium) ions (Eq. (1)) occupy the available 
electronic states at the Fermi level and raise it in a way dependent on the profile of 
the density of states function. 

The character of the density of states function determines the shape of the 
discharge curve (monotonic or step-like). Figure 1b and c illustrate the correla- 
tion between the electronic structure of a cathode material and the nature of its 
discharge curve. A continuous density of states function in a cathode material leads 
to a monotonic discharge curve that is beneficial from the point of view of practi- 
cal application (Figure 1c), while a discontinuous density of states function leads 
to an adverse, step-like nature of the discharge curve (Figure 1b). In addition, the 
localization of electronic states that accompany the discontinuous density of states 
function limits the kinetics of the lithium intercalation process, reducing the current 
density of a cell and making the utilization of the theoretical capacity of a cathode 
material impossible. 

The proposed electronic model of electrochemical intercalation explains both 
the monotonic and step-like characters of the discharge curve, and allows the 
anticipation and engineering of the properties of intercalated electrode materials. 
The presented model also demonstrates that a method of studying the Li*/Li,MO, 
cathode potential by measuring the electromotive force of a Li/Li*/Li,MO, cell is an 
excellent tool with regard to experimental solid state physics, allowing the direct 
observation of changes in the position of the Fermi level in Li,MO; during “lithium 
intercalation.” Similar conclusions are valuable for Na,MO; systems. 

Below we present three examples of intercalated transition metal oxides Lix,CoO, 
[5, 20], Li,(Co,Ni,Mn)O, [21] and Na,CoO, [3-5], in which through the intercala- 
tion of alkali metal the controlled crossing insulator-metal can be performed, and 
track changes in the position of the Fermi level as a function of concentration of 
electrons introduced in the intercalation process (along with alkali ions). 
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2. Li,CoO; 


LiCoO; is currently used as a cathode material in commercial Li-ion batteries, 
due to, among other advantages, its high voltage. Cycling with upper cut off set 
at 4.2 V corresponds to deintercalation/intercalation of about 0.5 Li per LiCoO, 
formula unit, and gives a specific capacity of about 140 mAh g”*. Deeper deinterca- 
lation causes structural instability of the Li,CoO, cathode material, loss of oxygen 
from the material, and its reactivity with liquid electrolyte [22-25]. 

LiCoO, exhibits hexagonal-type lattice (03 structure) with R-3 m space group 
symmetry (Figure 2). This structure consists of close-packed oxygen layers stacked 
in ABC-like sequence. Cobalt and lithium ions are surrounded by six oxygen atoms, 
forming CoO, and LiOg octahedral coordination. CoO, octahedra share edges 
creating two-dimensional arrangements (CoQ) layers), between which van der 
Waals-type gap exists, occupied by lithium ions. Extraction of lithium from LiCoO 
proceeds as a sequence of the phase transitions. For lithium content 0.95 < x < 1 one- 
phase solid solution domain with hexagonal structure (hex-I) is observed. Two-phase 
coexistence region is found to exist between Li concentrations of x = 0.94 and 0.75 
[20, 26-30]. These two phases share the same crystal symmetry, but show difference 
in the lattice parameters, mainly in the c parameter. Many authors report that for 
lithium content below x = 0.75, one phase region with hex-II phase exists [26-30]. For 
x = 0.5, a transition from hexagonal to monoclinic phase occurs, which is accompa- 
nied by a large increase of the unit cell dimension along the c-axis, up to 1.7%. 

Our results, presented in papers [20], diverge with the mentioned literature 
data, where it is stated that hex-II phase replaces hex-I phase for the compositions 
with x < 0.75. We also do not agree with a thesis that hex-I phase exhibits semi- 
conducting properties, while hex-II phase shows metallic-type behavior [20]. It is 
known that upon lithium deintercalation crystal structure of LiCoO, undergoes 


Figure 2. 
Hexagonal O3 structure of LiCoO, with the R-3m space group. 
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modification. Figure 3a presents variations of lattice parameters of hexagonal 
phase of Li,CoO; during deintercalation of Li. Figure 3b presents the mole fraction 
of the hex-II phase as a function of lithium content. 

One can see that hex-II phase appears for x = 0.94 but fast disappears on further 
deintercalation. Figure 3c presents z parameter of oxygen 6c (0,0,z) position, 
responsible for a deformation of oxygen octahedron surrounding Co cation. While 
lattice parameters a and c evolve on deintercalation only slightly, z parameter 
changes in irregular way. Parameter z and its importance on the electronic struc- 
ture of Li,CoO; will be discuss later. In Li,;CoO, Co* cations (3d°) adopt low-spin 
configuration (tag ego), being present in octahedral oxygen environment. Cobalt 3d 
orbitals are energetically close to oxygen 2p orbitals, and as a result, considerable 
covalent mixing, and consequently, a high degree of delocalization of the electronic 
states over the CoO, octahedra occurs [31]. Deintercalation of lithium ions from 
LiCoO; structure is accompanied by charge compensation at the Co sites, and 
leads to a formation of Co** (3d°) states. Above 4.2 V, energy level of Co**** redox 
reaction overlaps with the top of the O2p band, and as a results, to the oxidation and 
release of the oxygen from the structure of the cathode material [31]. 

In this work, electronic structure calculations for Li,CoO, system were performed 
using the Green function Korringa-Kohn-Rostoker method with the coherent potential 
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Figure 3. 
(a) Variations of lattice parameters of hexagonal Li,CoO, phase during deintercalation of lithium, (b) the 
mole fraction of hex-II phase and (c) changes of z parameter during deintercalation of lithium. 
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approximation (KKR-CPA), which allows to account for chemical disorder [20, 32-34]. 
Figure 4 presents such calculations for the stoichiometric LiCoO; and for the deinter- 
calated Li,CoO) with x = 0.99, 0.97 and 0.6. Electronic structure of the starting LiCoO, 
(Figure 4a) consists of valence and conductivity band, separated by an energy gap of 
the order of 1 eV. The valence states are formed essentially from strongly hybridized 
d-states of Co and p-states of oxygen. Let us consider the following; 

What are electronic structure predictions about the properties of Li,CoO, 
system during deintercalation of lithium i.e. during extraction of electrons? 

What about evolution of the Fermi level position and its influence on a character 
of the OCV curve changes occurring during charge of Li/Li*/Li,CoO) cell? 

What about modification of transport properties of LixCoO; in this process? 

For starting, stoichiometric LiCoO,, the Fermi level is situated in the energy gap 
(Figure 4a), so semiconducting properties should be observed. During deintercala- 
tion of lithium, the electrons are extracted from the valence band, and the Fermi 
level is sharply shifted to a new position in the valence band Figure 4b), while 
further changes to its placement, occurring during the deintercalation process 
should be monotonous in a wide range of lithium concentration (Figure 4b-d). 
Therefore, electrical properties of Li,CoO, should become more and more metallic, 
due to the shifting of the Fermi level in these regions, where sharp increase of the 
density of states appears. 

In order to verify our electronic structure predictions on transport and electro- 
chemical properties of Li,CoO; system, comprehensive studies of the OCV charge 
curve and transport properties were conducted. Figure 5 present charge curve 
(OCV) for Li,CoO,. Points denotes lithium concentrations, for which the work of the 
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Figure 4. 
Electronic structure calculations (KKR-CPA) for starting LiCoO, and deintercalated Li,CoO, for (a) x = 1, 
(b) x = 0.99, (c) x = 0.97 and (d) x = 0.6. 
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Figure 5. 
Li,CoO, charge curve (OCV). 


cathode material was stopped in order to examine its structural properties, conduct 
NEXAFs measurements, as well as perform electrical conductivity and thermoelec- 
tric power studies. Figure 6a and b present temperature dependence of the electri- 
cal conductivity and thermoelectric power for Li,CoO, system. Comparison and 
analysis of Figures 5-7 show strong correlation between electronic structure, Fermi 


T CO 
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Figure 6. 
Temperature dependence of (a) electrical conductivity and (b) thermoelectric power for Li,CoO, system. 
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level variations, character of the charge/discharge curve and transport properties of 
Li,CoO, system. For starting material, Li,CoO,, Fermi level is situated in the energy 
gap (Figure 4a), so we observed semiconducting-like properties (Figure 6a), and a 
potential jump occurring at the beginning of the OCV charge curve (Figure 5). 

Deintercalation of lithium (related to an extraction of electrons from the valence 
band) leads to a fast movement of the Fermi level to the valence band, followed by a 
monotonous changes in a wide range of lithium concentration (monotonous part of 
the charge curve Figure 5). According to our predictions, electrical properties mod- 
ify toward metallic-like ones. Only for x; = 1 the activation energy of the electrical 
conductivity can be related directly to the energy gap, while for 0.94 < xii < 1, the 
activation energy of the electrical conductivity is related to the activation energy of 
mobility of electron holes in the region of the tail of the valence band. Therefore, we 
postulate Anderson-type insulator-metal transition, related to a chemical disorder 
present in this system. The states above mobility edge E, are localized, while these 
below E, are delocalized (see insert in Figure 4c). For x = 0.94 Fermi level crosses 
the mobility edge E.. 

Analysis of the electronic structure of LixCoO; leads to the ascertainment that 
valence states do not evolve in a regular way with Li concentration (Figure 4a-d). 
Electronic spectrum for x = 0.97 seems to be more similar to that one for x = 1. 

To have a deeper insight into possible reasons of such peculiar behavior of the 
electronic structure of LixCoO; we analyzed crystallographic parameters namely, 
parameter z indicating position of the oxygen anions in the unit cell. It was found 
that the z parameter changes irregularly with lithium concentration (Figure 3c). 
We computed DOS for LiCoO; for different z using experimental values taken from 
the crystallographic data, as shown in Figure 7 [20]. One can see that z parameter 
affect strongly valence DOS shape of LiCoO; oxide. 


a), Liv\CoO:z=0.240 b)  Li.CoO»z=0.250 
e z > e 

2, | 2 « | | 
B IN NS | 
Z.2 + N | Z. A \ | | 


m 2 a, 
Bea ANA) ran I 


‘EE (eV) - * E-Er(eV) 
LitCoO:z=0.246 d) LiiCoO:z=0.254 


Toui Tos 


Li £ - E 


Co 


HO 
— 
= 


o 


Ne) (eV) 
N(e) (eV) 


mu 
— 
s 
a 
[æ 
3 
| 
f 
> 
ar 
ee 


4 


V) 


2 1 


E-Er (e 


4 1 2 5 4 


3 2 4 0 
E-Er (eV) 
Figure7. 


(a-d) Electronic structure calculations (KKR-CPA) for LiCoO, for different z parameters (a) z = 0.240, (b) 
Z = 0.246, (c) Z = 0.250, and (d) z = 0.254. 
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Figure 8. 
NEXAFS oxygen 1 s spectra for Li,CoO, samples with lithium concentration x = 1.00, 0.99, 0.98, 0.97, 0.94 
and 0.60. 


Figure 8 shows NEXAFS oxygen 1 s spectra of the Li,CoO, samples with lithium 
concentration x = 1.00, 0.99, 0.98, 0.97, 0.94 and 0.60 [20]. The NEXAFS measure- 
ments of Li,CoO, show a radical evolution of the top valence band features with the 
lithium deintercalation degree. These results corroborate well with crystallographic 
data, as well as with the particular effect of the oxygen octahedron distortion on the 
computed DOS shape (note that the respective peaks are presented in a different 
order on energy scale in Figures 7 and 8). We suppose that the z parameter (deter- 
mining position of O sites), which is responsible for the deformation of oxygen 
octahedron surrounding Co atoms, is also responsible for modification of valence 
DOS, and is a reason of major discrepancies in the observed crystallographic 
parameters and phase diagram of Li,CoO) system, presented by different authors. 


3. LiNi,_,-¿Co,MnzO) 


To correlate electrochemical properties of Li,Ni0.¢s5Co9,25Mno 102 and 
Li,Nig 55C 09 35Mnp 102 mixed cathode materials with their transport and electronic 
structure properties, we stopped the work of the cathode material at the character- 
istic points of the charge curve (EMF, Figure 9a) in order to examine its properties 
as a function of lithium content. 

The evolution of a and c parameters during the lithium deintercalation of 
Li,Nio.5C00.25Mnp 102 and Li,Nio 55;Co9 35Mno 10; oxides are presented in Figure 9b. 
The a parameter decreases due to oxidation of the transition metal ions (Ni and Co) 
and c parameter increases due to the increase in electrostatic repulsion between 
((Ni,Co,Mn) O2)n sheets. The monotonic changes of the lattice parameters indicate 
that the crystal structure is maintained during electrochemical deintercalation of 
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Figure 9. 

( a EMF curves for Li/Li*/LixNio.65Co0.25Mno.102 and Li/Li*/LixNio.55-Coo.35Mno.102 cells. Points 1-14 
denote lithium concentration, for which the work of the cathode material was stopped in order to study its 
physicochemical properties. (b) Unit cell parameters vs. Li content in Li,Nio¢;C0o.2sMno10 and LiNigs5C0o.35 
Mn,,,0, cathode materials. 


lithium. However for lithium content lower than 0.4 mol mol”, the c parameter 
starts to decrease and the a parameter starts to increase that is caused due to the 
structural instability of the deintercalated Li,Nig 5_,CoyMng ;O, materials in this 
range (oxygen ions oxidize, leave two electrons and molecular oxygen evolves from 
the crystal structure). Higher structural stability is observed for oxides with higher 
nickel content. 

The temperature dependences of electrical conductivity for electrochemically 
deintercalated Li,Nio ¢65Co9 25Mn9 107 and Li,Nig 55Co9 35Mno 10> oxides are presented 
in Figure 10a and b. The collected data show that electrical conductivity decreases 
with decreasing lithium concentration, and it retains its thermally activated 
character with activation energy of the order of 0.15-0.25 eV in the entire lithium 
deintercalation range. However for lithium content near xy; = 0.3, the conductivity 
starts to increase (Figure 10a and b). Figure 11 presents the evolution of DOS for 
LixNio.65C00.25Mn0102-y from KKR-CPA calculations for selected Li content in the 
presence of oxygen vacancy as low as y = 0.01 [21]. From precise oxygen nonstoi- 
chiometry measurements performed for Li,Nip;C00.2HMno.10»-y oxide synthesized 
in air at the temperature of 850°C and quenched to room temperature, the oxygen 
nonstoichiometric value (y) could be estimated to be 0.06. 

Our thermogravimetric studies show a much lower value 0.014. It is found that 
such defects strongly affect the electronic states particularly in the vicinity of the 
conductivity band edge, forming three additional DOS peaks inside the gap. Due 
to high degree of chemical disorder on transition metal sites, the observed ‘defect’ 
states are quite broad on comparing with the corresponding results in LixCoO; [20]. 
Interestingly, the KKR-CPA calculations deliver two important results: (i) the ‘defect’ 
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Temperature dependence of the electrical conductivity of partially deintercalated (a) Li,Ni.C0..2,Mn..10» 
(b) Li,Ni, Co, ¿¿Mn,,/O, oxides. 
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Figure 11. 

(a-d) DOS in Li,Nig65C0o25Mno,02-y for x = 1.0, 0.8, 0.65 and 0.35 when accounting for oxygen vacancy 
concentration y = 0.01, as calculated by the KKR-CPA method. Total and site-decomposed DOS (per atom) are 
plotted (see legend). The Fermi energy (Er) is shifted to zero. Extra peaks inside the energy are clearly observed. 


states mostly contain d-states of Ni, Co and Mn, not p-states of O and, (ii) the DOS 
details evolve remarkably with varying Li content. Hence, itis difficult to estimate 
whether, in such a disordered system, the Fermi level could fall into the real gap at 
any Li concentration, but surely the oxygen vacancies substantially reduce the energy 
gap seen on DOS of LiCoO; [5, 20] and Li,Nip 9-yCoyMny.10) (Figure 11). Thus, the 
activation character of measured electrical conductivity could be rather related to 
the pseudo-gap behavior observed on DOS. 

When plotting DOS at the Fermi level in the two aforementioned series of oxides 
(Figure 12a) with varied Li concentrations, we observe the finite values of DOS for 
all considered compositions with a deep minimum obtained for about 0.5-0.6 Li 
content. It is worth considering that DOS characteristics should have an important 
influence on electron transport properties, which are mainly governed by electronic 
states lying in close vicinity to the Fermi level. Indeed, the measured temperature- 
dependent electrical conductivity in Li,Nig 55Coo 3Mng 10; and Li,Nip 6C00.25Mn9 102 
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(a) Variation of DOS at EF in Li,Ni,Co,»,Mn. ‚O>-, and Li,Ni,,,C0.3;Mn.,O,-, and (b) conductivity with 
varying Li content, when accounting for oxygen vacancy concentration y = 0.01. 
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Figure 13. 
Relative variation of Fermi energy (with respect to x = 1) with Li content of Li;NigssC0o3;Mn,02-) and 
Li,Ni,6;C0,Mn,.0,-, cathode materials. 


exhibit rather irregular behaviors with varying Li content (Figure 10), which could 
be tentatively interpreted by the variable character of the corresponding DOS curves. 
Such electronic structural behaviors cause both types of charge carriers, electrons 
and holes, to conduct electrical current in these materials. Furthermore, the char- 
acter of electrical conductivity curves is mainly guided by competition between 
semiconducting like vs. metallic-like character. 

Figure 12b shows variation of electrical conductivity of LixNio.s5C00.25Mn0.102-y 
and LixNig 55Coo,3sMno102_, in function of lithium content at room tempera- 
ture. Strong correlation between the electronic structures of layered Li,Nig 9_y 
CoyMng4.10»-y cathode materials and its electron transport properties was evi- 
denced with characteristic minimum for 0.5 < xq; < 0.6 for both DOS and electrical 
conductivity (Figure 12). 

The observed variations of the electromotive force of the Li/Li*/Li,Nig 9_y 
CoyMng.10»-y cells are in good agreement with the calculated variations of chemical 
potential of electrons (i.e. the Fermi level variations) of the Li,Nig s-yCoyMno102-y 
cathode material. Figure 13 presents calculations of relative variation of Fermi 
energy (with respect to x = 1) with Li content. It is interesting to note that differ- 
ence of the Fermi energy for the whole range of Li content is at the order of 1.5 eV, 
which corresponds well to the variation of EMF of the Li/Li*/Li,Nio9-y¿CoyMno.10)-y 
cell (Figure 9a). 


4. Na,CoO,_, 


Sodium analogue to LiCoO, has been extensively investigated as a potential 
candidate Na-intercalation-type cathode material [6, 35]. Na,CoO, exhibits differ- 
ent electrochemical behavior, comparing to LiCoO; and shows subtle, but impor- 
tant differences in the crystal structure. Na,CoO; presents step-like character of the 
discharge curve, which in according to electronic model of intercalation is surpris- 
ing for the metallic system. 

P2-type structure of Na,CoO, (x = 0.7) consists of Na layers, which are stacked 
between layers of edge sharing CoO, octahedra (Figure 14) In this structure sodium 
occupies two different types of trigonal prismatic site: Na(1), which shares only 
faces with two CoO, octahedra of adjacent slabs, whereas Na(2) shares edges with 
the six surrounding CoO, octahedra. In addition, it can be expected that Na(1) 
site is less favorable energetically, due to a stronger electrostatic repulsion from 
the Co ions, but simultaneous occupation of Na(1) and Na(2) sites results in a 
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Figure 14. 
Two different crystallographic sites of sodium in the Na,C00O,., structure. 


larger average Na-Na distance, comparing to a situation when only Na(2) sites are 
occupied. Changes of Na(1) to Na(2) ratio as a function of Na content give rise to a 
multitude of different types of Na ordering motifs, which can be grouped in three 
main pattern types: row-like, zigzag-like and droplet-like [36, 37]. 

Na,C00; is a potential material for thermoelectric applications due to high 
absolute values of thermoelectric power and metallic-type character of the electri- 
cal conductivity [38]. Sodium cobaltate exhibits superconductivity only in a narrow 
range of sodium content (1/4 < x < 1/3) below 4.5 K in the hydrated compound [39]. 
Occurrence of superconductivity is likely related to the lattice dimensionality and 
modification of the density of states near Fermi level, however, it seems that water 
molecules are not only passive lattice spacers [40]. 

The structural properties of the CoO, layers in Na,CoO; and Li,CoO, signifi- 
cantly affect electronic structure of these compounds. Generally, it can be stated 
that two-dimensional metallic CoO) layers, in which cobalt exists as Co’ and Co** 
ions, which are separated by intercalating Li* or Na‘ ions layers, are a source of 
specific electronic, magnetic and electrochemical properties. Near x = 0.5, CoO 
bond length and in-plane CoCo distance are quite similar in Na,CoO, and 
Li,CoO, [41]. These parameters and thickness of CoO, layers increase significantly 
with the increasing x in Na,CoO;, while in Li,CoO, they change only slightly. 

It may be a consequence of a relatively large size of sodium cations (0.104 nm), 
which gives rise to a dramatic expansion of thickness of CoO, layers in Na,CoO). 
According to the differences between geometry of CoO, layers in sodium and lithium 
system for 0.5 < x < 1.0 range, it may be assumed that more intensive changes in 
the electronic band occupancy would occur in Na,CoO; than in Li,CoO). Figure 15 
presents step-like character of the OCV discharge curve for Na/Na'/Na,CoO,_, cell. 
The work of the cathode material was stopped in the characteristic points of the 
discharge curve, i.e. on the potential pseudo-plateau and on the potential jumps, in 
order to examine its structural, transport and thermal properties. Precise structural 
investigations of the Na,CoO,_, cathode material in equilibrium (fully relaxed cath- 
ode material) at characteristic points of a Na/Na‘/Na,CoO}_, cells discharge curve, 
i.e. on “potential pseudo-plateaus”* and potential jumps, pointed to a single-phase 
system in the sodium content range of 0.55-0.9, i.e. in the region where the step-like 
character of discharge curve is observed. The obtained results show no significant 
dependence of parameters a and c on the amount of sodium in the range where the 


1 Precise measurements of potential at the plateau indicate its decrease with sodium content. 
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Figure 15. 

(a) Step-like character of an OCV discharge curve for the Na/Na*/Na,,CoO;_, cell, (b) evolution of lattice 
parameters with sodium content, (c) partial occupancy of two Na’ sites, (d) parameter z indicating the 
distortion of CoOgs—oxygen octahedra. 


potential jumps appear (Figure 15b); however, the occupancy of the two different Na 
sites and parameter z (thickness of CoO, layers, indicating CoO;-octahedra distor- 
tion) exhibit maxima in the area of potential jumps (Figure 15c and d, respectively). 
Below we present the results of electronic structure calculations of Na,CoO}_, 
performed by KKR-CPA technique (the Korringa-Kohn-Rostoker method combined 
with coherent potential approximation) [3, 32, 33], which take into account the 
chemical disorder in the system arising from the presence of oxygen vacancies 
and the two different crystallographic sites of sodium. Our calculations [3] show 
that there is no effect of sodium sublattice ordering on the electronic structure of 
Nao 75C00O,. For four different crystallographic configurations of sodium, only very 
small changes in the shape of the valence band are observed, and no extra defect 
bands in the energy gap. Figure 16b presents the influence of the non-stoichiom- 
etry in oxygen sublattice on the electronic structure of Nag 7s5CoO_,, calculated 
by KKR-CPA method. The combination of defects at two different O sites leads to 
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Figure 16. 
KKR-CPA total and site-decomposed DOS for Na,7;CoO, without oxygen vacancies (a) and nonstoichiometric 
Nao75C0O, 94 (b). 


three extra defect bands in the energy gap, formed essentially from 3d-Co and 2p-O 
states. To put this into context: for strictly stoichiometric Nag 7;CoO), there are no 
extra defect bands in the energy gap (Figure 16a). 

Figure 17a presents an electronic model of aNa/Na'/Na,CoO;_, cell, with 
the proposed electronic structure of Na,CoO;_, (KKR-CPA calculations), which 
explains the step-like character of the discharge curve. In this structure, one can 
distinguish a valence band separated from the conductivity band by a 0.7 eV gap. 
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Figure 17. 

(a) Electronic diagram of a Na/Na*/Na,C0O,., cell and a schematic diagram of the density of states for 
Na,CoO,_, calculated via KKR-CPA method [3, 32, 33] and measurements of transport properties. (b) Evolution 
of the Fermi level of Na,CoO,_, and electromotive force of a Na/Na*/Na,CoO,., cell. (c) Temperature dependences 
of electrical conductivity of Na,CoO,_, at characteristic points of the discharge curve (corresponding to samples no. 
1-14 in Figure 17b). 


47 


Lithium-lon Batteries - Thin Film for Energy Materials and Devices 


Interestingly, three additional defect bands (denoted as “defect band 1,” “defect 
band 2” and “defect band 3” in Figure 17a) are located within the band gap. 
Electrons introduced during sodium intercalation quickly fill the nearly fully-occu- 
pied valence band and then fill the three subsequent defect bands (Figure 17a); this 
is accompanied by an abrupt increase in the Fermi level and, in consequence, the 
step-like discharge curve (Figure 17b). Comprehensive studies of electrical conduc- 
tivity, thermoelectric power, and electronic specific heat as well as oxygen K-edge 
NEXAFS, carried out at characteristic points of a Na/Na*/Na,¿CoO,_y cell's discharge 
curve, i.e. on “potential pseudo-plateaus” as well as potential jumps (Figure 17b), 
confirmed the anomalous, non-monotonic evolution of transport properties as a 
function of sodium content: metallic/semiconducting/metallic/semiconducting/ 
metallic/semiconducting/metallic, which indicates anomalous, peaked density of 
states near the Fermi level and confirms the theoretical calculations of the elec- 
tronic structure for this material. Figure 17c presents the measured temperature 
characteristics of electrical conductivity, documenting that a cathode material 

with a composition corresponding to a “potential pseudo-plateau” (e.g. samples no. 
2-6), for which the Fermi level is located within a “defect band 1,” exhibits metal- 
lic properties (cf. Figure 17a—c). Similarly, samples no. 7-9, at another “potential 
pseudo-plateau,” also exhibit metallic behavior, although not as pronounced as the 
previous ones, due to the location of the Fermi level within the narrower “defect 
band 2” (Figure 17a). Sample no. 11, at the subsequent “potential pseudo-plateau,” 
for which the Fermi level is located within the residual “defect band 3,” exhibits even 
worse electrical conductivity, almost at the localization edge (Figure 17a-c). On the 
other hand, the cathode material with xy, at potential jumps (samples no. 10 and 12, 
Figure 17b) corresponding to the location of the Fermi level in the energy gap of the 
density of states (Figure 17a), exhibits an activated character above 300 K, with an 
activation energy of 0.1 eV (Figure 17c, inset). This activation energy corresponds 
to the band gap between adequate bands in Figure 17a and the potential jumps of 
0.1 V on the discharge curve (Figure 17b). 

In order to support the electronic nature of step-like character of the discharge 
curve of a Na/Na*/ Na,CoO;_, cell, electronic specific heat was measured for 
Na,Co00O)_y at characteristic points of the cell's discharge curve, as in the case of 
the studies of electrical conductivity and thermoelectric power. The Sommerfeld 
coefficient, y (directly proportional to density of states at the Fermi level, y = Y 
"kp N(E;)), determined at characteristic points of the cell's discharge curve, was 
highly consistent with electrical conductivity and thermoelectric power results, as 
depicted in Figure 18 [4]. As expected, very low values of the Sommerfeld coeffi- 
cient (very low density of states), of the order of 0.6-5 mJ mol! K~*, were observed 
for samples for which the Fermi level is located in the energy gaps and in the residual 
“defect band 3” (denoted as H, I, J, and K in Figure 18a and b). Theoretical consid- 
erations had predicted values of 2-3 mJ mol”* K”?. The y values for samples denoted 
B, C, D, and E, for which the Fermi level is located in “defect band 1,” which exhibits 
a higher density of states, were of the order of 30 mJ mol”* K”. The sample denoted 
as N, located in the conductivity band, with a high density of states, has a y value 
of over 30 mJ mol” K”?. The very low value of the Sommerfeld y coefficient for the 
composition of Na¿5C00) (point A), for which a potential jump is recorded at dis- 
charge curve, corresponding to the location of the Fermi level in a band gap inside 
the modified valence band (Figure 18a and b), remains in very good agreement 
with the calculated electronic structure for this composition (Figure 18c), where the 
Fermi level is clearly located in the area of a diminishing density of states. 

The above-presented new and globally unique results unambiguously document 
the “strictly electronic nature” of the step-like character of the discharge curve of a 
Na/Na'/Na,Co0O;_, cell. The obtained results prove that the source of the step-like 
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Figure 18. 

(a) Density of states for Na,CoO,_y from KKR-CPA [3] electronic structure calculations and measurements of 
electrical conductivity and thermoelectric power, (b) Sommerfeld coefficient y (points A-N) illustrating the 
density of states at the Fermi level in Na,CoO,-, plotted against the discharge curve [4]. (c) Electronic structure 
of Na,,;CoO, from KKR-CPA computations corresponding to point A in figures (a) and (b), U—Hubbard 


energy. 


discharge curve of a Na/Na*/Na,CoO,_, cell is the anomalous electronic structure 
of the Na,CoO,_, cathode material, induced by oxygen nonstoichiometry and 

two sodium crystallographic sites. They refute the current understanding of the 
principles of operation of lithium and sodium batteries, which assumes that mainly 
the ordering of the alkaline component and its mobility in the lithium or sodium 
sublattice plays a major role in the batteries parameters. 

The author demonstrate that electronic structure “engineering” is a method 
suitable for controlling the properties of cathode materials by controlling its density 
of states and changing the character of the discharge curve from the unfavorable, 
step-like shape to the monotonic one via the modification of and control over the 
density of states function of a cathode material. The author has already obtained 
preliminary results that indicate the possibility of adjusting the properties of a 
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Figure 19. 
(a) Nao75CoO, 9 and step-like character of a discharge curve for Na/Na*‘/NaxCoO, 99. (b) Density of states of 
Na, 7;C0,,Mn.30, and a monotonic character of a discharge curve for Na/Na*/Na,Co,,Mn,;O, [42]. 


cathode material via the modification of the electronic structure of Na,CoO _, 
performed by substitution of cobalt with manganese (Na,Co;_,Mn,O;_,). The 
electronic structure calculated for this system reveals a shift of the Fermi level 
deeper in the valence band; as a consequence of this shift, its evolution during the 
electrochemical deintercalation/intercalation of sodium takes place within the 
valence band, resulting in a monotonic, favorable character of the discharge/charge 
curve for an Na/Na*/Na,Co;_,Mn,O,_, cell (Figure 19). 
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Chapter 4 


Cathode for Thin-Film 
Lithium-Ion Batteries 


Yuan-Li Ding 


Abstract 


Thin-film lithium-ion batteries (LIBs) have attracted considerable attention for 
energy storage device application owing to their high specific energy compared to 
conventional LIBs. However, the significant breakthroughs of electrochemical perfor- 
mance for electrode materials, electrolyte, and electrode/electrolyte interface are still 
highly desirable. This chapter firstly gives an overview of cathode materials including 
lithium-containing cathode (e.g., LiCoO,, LiMn O04, LiFePO,, LiNi,_,yMn,CoyO», 
LiNio sMn, 504) and lithium-free cathode (e.g., vanadium oxides) for LIBs in terms 
of specific capacity, energy density, working voltage, cycling life, and safety. In the 
meanwhile, the existing drawbacks and limitations of various battery chemistries are 
also analyzed. Furthermore, some modification strategies for these cathode materi- 
als have also been discussed for improving electrochemical performance. Finally, 
the thin-film Li-ion battery applications of these cathode materials are summed up 
toward next-generation flexible and high-energy devices. 


Keywords: cathode, nanotechnology, energy density, thin-film lithium-ion batteries 


1. Overview of cathode materials 


Since lithium-ion batteries (LIBs) gained the commercial success in 1991 [1], they 
have received considerable attention in various areas including consumer electron- 
ics, power tools, electric vehicles, and grid energy storage owing to their high energy 
density, low cost, long cycle life, and environmentally benignity. The energy density 
of LIBs in 1991 is only 80 Wh kg”* at a cell level and has been currently increased to 
200-250 Wh kg™ (ata cell level). The main reason is attributed to the significant 
improvement of battery materials and battery technology. Especially for cathode 
materials, they dominate the whole cell performance compared to graphite anode. 

Up to now, various cathode materials have been proposed and developed such 
as layered structure LiCoO,, LiMnO,, LiNiO,, ternary LiNi,_,yMn,CoyO), spinel 
LiMn;0, (LMO), spinel LiNio sMn, 504 (LNMO), and polyanion-based cathode 
including LiFePO, and Li;V2(PO,)3 [2], as shown in Figure 1. Typically, transition 
metals of such cathode materials undergo an oxidation process to higher oxida- 
tion state when Li* ions are removed. While oxidation of the transition metals can 
retain charge neutrality in the compound, Li* removal/insertion usually causes 
phase changes and structural strain. In this regard, cathode materials that are stable 
enough over a wide composition range must be employed. Thus, the structural sta- 
bility of cathode materials is a key during Li* extraction/insertion processes. As for 
discharge process, Li’ ions are reinserted into the cathode materials and electrons 
from anode reduce transition metal ions in the cathode to a lower valence. The rates 
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Figure 1. 

Gravimetric and volumetric energy densities of various cathode materials at a material level. LFP, LiFePO, 
LMO, LiMn,0,; NMC-111, LiNi,,,Mn,/,Co,/,0,; NCA, LiNi, Co, Alo9;0.; NMC-811, LiNi, Mno ,Co, ,O.; 
HV-spinel, LiNi,¿Mn,;O,. 


of the two processes, as well as access of Li* ions in the electrolyte to electrode sur- 
face, dominate the maximum discharge current. Therefore, cathode performance 
depends critically on the microstructure and morphology of electrode as well as 
the intrinsic electrochemical properties of the cathode materials. For instance, 
much effort has been currently focused on the development of nanosized electrode 
materials for shortening Li*/electron transport length and increasing contact areas 
of electrode/electrolyte interface. This chapter will mainly discuss cathode materi- 
als for LIBs and their potential applications for thin-film Li-ion microbatteries. 


2. Layered transition metal oxide cathode 


Layered transition metal oxides are the most commonly used cathode materials 
for LIBs such as LiCoO;, LiNiO», LiMnO,, and LiTiS,. Such cathode materials have 
typical layered structure, as illustrated in Figure 2. LiCoO, is relatively one of the most 
mature cathode materials, which will be discussed in the following section. However, 
the crystal structure of Li,CoO, becomes unstable when Li* extracts beyond x > 0.5, 
leading to oxygen release [3]. Considering the shortcomings and costly Co resource of 
LiCoO,, layered ternary transition metal oxides LiNi}_x_„Mn,Co,O; (NMC) have been 
widely investigated and developed in recent years. 


2.1 LiCoO, 


As one of the typical intercalation compound families, LiCoO; was first reported 
and studied by John B. Goodenough in 1980 for LIBs [4]. It has an a-NaFeO, 
structure containing only one kind of cation in the transition meta layer. LiCoO; 
is widely used as cathode materials for LIBs, especially for portable electronics. 
Although LiCoO, is the most widely used cathode materials for LIBs, the practical 
capacity available is only around 140 mAh g””, half of the theoretical capacity (ca. 
280 mAh g`’). It corresponds to the 50% Li removal from LiCoO; because further 
lithium extraction from LiCoO; usually induces the structural transition from 
hexagonal to monoclinic phase and Co dissolution at the highly oxidized state, thus 
leading to rapid capacity decay. To enhance the capacity retention of LiCoO; at the 
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Figure 2. 
Layered structure of LiMO, (M = Ni, Co, Mn), showing the lithium ions between the transition metal oxides. 


higher cutoff potential (4.4-4.5 V), surface modifications (e.g., surface coating) 

on the LiCoO; surface have been employed since such the strategies can effectively 
restrict the lattice constant change and the transition of hexagonal to monoclinic 
phase change upon cycling. The mechanism of such capacity improvement for 
LiCoO, was not widely identified. Dahn group found that the poor capacity reten- 
tion of LiCoO; at the high delithiation potential (4.5 V) was attributed to the growth 
of impedance at the LiCoO; surface caused by side reactions [5]. As for LiCoO;, 
although a higher reversible capacity by using a higher cutoff potential can be 
obtained, such a cathode still faces a thermal stability concern, resulting in a safety 
issue. Moreover, Co in the delithiated Li,_,CoO; possesses high oxidizing power and 
easily induces the more side reactions with organic electrolytes. Thus, LiCoO) is 
mainly used as low-power devices such as consumer electronics. 


2.2 LiNi;_x-yMn,CoyO, 


Although LiCoO, exhibits the most early commercial success, the intrinsic 
structural stability upon delithiation and high raw material cost of LiCoO; have 
pushed the development of a new class cathode materials. As an alternative cathode, 
layered structured Li,NiO; has been developed owing to its relatively low cost and 
high working potential [6]. However, pristine Li,NiO; is not a promising cathode 
candidate because of its some drawbacks. For example, more than 200 mAh g”* can 
be obtained from stoichiometric LiNiO, at a relatively high voltage (4.5 V vs. Li/ 
Li*). Moreover, a 20% capacity loss occurs in the first cycle owing to the structural 
modification when charged below x = 0.5. Besides electrochemical properties, stoi- 
chiometric LiNiO; with a Li/Ni ratio of 1:1 is still difficult to be synthesized because 
of the cation mixing of Ni** and Ni” owing to the similarity of ionic radii of Li* 
(0.76 A) and Ni” (0.69 A) [7]. Moreover, Li,NiO; is usually Li-deficient because it is 
difficult to prepare stoichiometric LiNiO;. To address this issue, the synthesis condi- 
tion usually needs oxygen instead of air atmosphere and a slight excess of LiNO;. 

Considering the advantages and shortcomings of LiNiO,, metal-doped LiNiO,, 
especially ternary layered cathode NMC and LiNio¿Coo.15Al0.050, (NCA), has recently 
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attracted considerable attention because it shows good structural stability, higher spe- 
cific capacity up to 220 mAh g””, higher energy density, and relatively simple synthesis 
[8]. By introducing Mn and Co or Al and Co into LiNiO;, the cation mixing of Ni?*/Ni* 
can be effectively restricted. In the meanwhile, LiNi;_,_,Mn,CoyO, can be synthesized 
in the air without the necessity to use pure oxygen atmosphere. As for NMC cathode, 
LiNi;¡¿Mny,,3C01/307 (NMC-111) is currently the most common form of NMC cathode 
materials and is widely employed in LIBs [9]. To further enhance energy density and 
reduce cost, increasing Ni content and lowering Co content in NMC cathode are effec- 
tive solutions such as LiNig 5¿Mny 3C09 30, (NMC-532), LiNig ¿Mny >C09 707 (NMC-622), 
and LiNig sMnp 1C09 10, (NMC-811), as shown in Figure 3. 

It is well known that Ni is beneficial for achieving high energy density but poor 
stability, especially at the charged state. Mn will induce the formation of a spinel 
structure to realize a low internal resistance but results in a low energy density. 
Compared to Ni and Mn, Co has the limited resources (Co reserve available is 
around 7.1 million tons) [10], high price, and high toxicity. Thus, NMC battery 
chemistry will gradually lessen the use of Co element and simultaneously employ 
high Ni and low Mn for realizing the best electrochemical performance by combin- 
ing the respective merits of Ni, Mn, and Co. NMC-111, NMC-442, and NMC-532 
are currently the state of the art of cathode materials. In the very recently, Ni-rich 
NMC cathodes including NMC-622 and NMC-811 have been widely investigated 
and will be adopted in the LIBs owing to their higher energy density and lower cost. 
This is very favorable for automotive applications. On the other hand, Mn* has the 
lowest octahedral site stabilization energy (OSSE) and tends to migrate, resulting 
in a layered-to-spinel transition upon lithiation/delithiation process. In contrast, 
Co”* has the highest OSSE and exhibits excellent structural stability, but it suffers 
from poor chemical stability during lithium extraction over 50%, which is attrib- 
uted to an overlap of the ta band of low-spin Co**/** with the top of the 2p band 
of O” [11], as shown in Figure 3b. Compared to Co, Mn provides better chemical 
stability because Mn**/** e, band is further above the top of the 2p band of the O”. 
Compared to Co and Mn, Ni shows a moderate structural and chemical stability 
considering that it has a higher OSSE than Mn”, and the e, band of low-spin Ni?*/** 
just touches the top of the O* 2p band. Thus, developing Co-less and Ni-rich NMC 
cathode will be very desirable. 


EEE 5 


NMC-111 


ji the near future 


NMC-811 


N (E) 


Figure 3. 

(a) The state-of-the-art NMC cathode materials, near-future NMC materials, and far-future cathode 
materials. (b) Schematic diagram of the positions of the various redox couples relative to the top of the oxygen: 
2p band. 
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The commercial success of NMC-111 facilitates the development of other NMC 
materials by combining the individual advantages of Ni, Mn, and Co in the layered 
crystal structure with varying concentration to realize high capacity and high 
energy density. As discussed previously, a high Ni content is favorable to achieve 
a high reversible capacity. On the other hand, the introduction of Mn can enhance 
the structural and thermal stability at the deeply delithiated state, while Co dopant 
in NMC can improve the layered ordering as well as rate performance and specific 
capacity owing to its redox activity. Sun et al. have systematically investigated 
the effect of chemical compositions for the ternary NMC materials on reversible 
capacity, cyclability, and thermal stability [12], as displayed in Figure 4. The NMC 
materials with higher Ni content show higher reversible capacities, but it shows 
a decreased capacity retention at both 25 and 55°C. In addition, the exothermic 
reaction for Ni-rich NMC usually occurs at a lower temperature with a larger heat 
generation upon charging to 4.3 V vs. Li/Li*, which is a good agreement with the 
phenomena of capacity retention decrease with increasing Ni content (Figure 4). 
Such findings confirm that Ni-rich NMC possesses a higher specific capacity but 
poor thermal stability and capacity retention upon cycling, as shown in Figure 4. To 
address this problem, a novel material design by tuning chemical composition in the 
core and shell has been proposed by Sun group [13]. The first generation is a core- 
shelled structure based on Ni-rich NMC-811 as core and Mn-rich LiNig ¿Mny 50» as 
shell (Figure 5a). The core can offer high capacity, while the shell guarantees the 
surface stability. Such structural design, however, also has some drawbacks. For 
example, boundary cracks between active particles often formed owing to different 
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Figure 4. 

Dido capacity as a function of cycle number for various LiNixMnyCozO2 (x = 1/3, 0.5, 0.6, 0.7, 0.8, and 
0.85) cathodes at (a) 25°C and (b) 55°C. The current density is 100 mA g” (0.5 C) in the voltage range of 
3.0-4.3 V [12]. (c) The map of relationship between discharge capacity and thermal stability and capacity 
retention for LiNi,Mn,Co,O, (x = 1/3, 0.5, 0.6, 0.7, 0.8, and 0.85) cathode. (d) DSC curves of the above NMC 
cathode materials. 
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volume changes between the core and the shell structures upon cycling tend to 
induce the formation of boundary cracks, leading to major mechanical fracture of 
active particles and capacity decay. Thus, another core-shelled gradient-type and 
full concentration gradient-type NMC materials have been proposed and developed 
[14], as illustrated in Figure 5b. This unique design minimizes the propagation of 
boundary cracks and is beneficial to enhancing cycling stability. 


2.3 Layered NCA cathode 


Similar to NMC-811 cathode, LiNi¿ gCoo 15Alo 05 (NCA) is also a Ni-rich cathode, 
showing a relatively high energy density and low cost. The introduction of element 
Al in NCA can minimize the detrimental phase transition and improve the thermal 
behavior of the cathode. Al is a favorable dopant in a specific capacity because of 
its lower atomic weight than the other transition metal elements. Thus, Al-doped 
LiNiO, shows an increased specific capacity. Moreover, the presence of AI” in the 
transition metal layer tends to reduce the a-axis but increase the c-axis parameters 
because of a-LiAlO, (a = 2.8 A and c = 14.23 A), which decrease the cationic disor- 
der in the Li layer. It is similar to the effect of Co**. However, a large amount of Al 
doping would lead to the reduction of specific capacity because Al is electrochemi- 
cally inactive. On the other hand, Al’ can effectively enhance the working voltage 
owing to the weakening of the Ni-O bond by the stronger Al-O bond through 
the inductive effect. Thus, a reasonable balance between reduced capacity and 
increased working voltage should be considered for designing high-performance 
Al-doped LiNiO. It is acknowledged that Al doping (5 atom%) and Co doping (15 
atom) is the optimized results [11]. In recent years, double metal doping has been 
widely accepted to improve the structural stability and electrochemical perfor- 
mance of layer transition metal oxides. 

As discussed previously, the surface stability of Ni-rich cathode is a key issue 
for their electrochemical performance. The residual lithium oxide at the particle 
surface after annealing tends to absorb moisture and CO, in air during storage, 
leading to the formation of some unwanted products on the surface such as 
LiOH and Li,CO3. These products would react with electrolyte, forming surface 
interface. In addition, Ni" at the delithiated state would accelerate the decompo- 
sition of electrolyte, further resulting in the thickening of interfaces and sluggish 
Li* diffusion kinetics. Considering these problems, surface protection of Ni-rich 
cathode materials is highly desirable such as various surface coatings includ- 
ing metal oxide, phosphates, carbon, fluorides, artificial SEI, and conducting 
polymers [11]. 


a) b) 
LiNi, ¿Mn,¿0, 


Core-shelled structure 


Figure 5. 
(a) Core-shelled structure NMC: core: NMC-811 and shell: LiNio.5Mno.502; (b) concentration gradient-based 
NMC cathode. 
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3. Spinel cathode 
3.1 Spinel LiMn,0, 


In contrast to layered LiCoO;, spinel LiMn 20, possesses more stable structure 
and higher voltage (4.0 V). As shown in Figure 6, LiMn,0O, has a cubic crystal 
structure with Li occupying the tetrahedral 8a sites and Mn occupying the octahe- 
dral 16d sites. The interstitial sites for Li, 16c, share faces with the occupied sites, 
forming a continuous three-dimensional diffusion network by the [Mn;0O;] frame- 
work. Thackeray et al. have demonstrated that lithium can be reversibly intercalated 
and deintercalated for the range of 0 < x < 2.2 in Li,Mno0, in the cutoff range 
(2-4.5 V) with two plateaus at 4.0 and 3.0 V [15]. However, LiMn,0, is usually 
cycled in the voltage range of 3.5-4.5 V because of the poor structural stability dur- 
ing cubic-tetragonal phase transition for 1 < x < 2 in the cutoff window (2-4.5 V). 
Such cubic-tetragonal phase transition is driven by the Jahn-Teller distortion of 
MnO, octahedron as Mn** is reduced to Mn”, leading to a 6.5% increase of the unit 
cell volume. Thus, the specific capacity available for LiMn,O, is theoretical 148 
mAh g*. More importantly, LiMn O, just needs to use earth-abundant and low- 
cost Mn resources without using Ni and Co element, which is very beneficial for its 
large-scale application. 

Although spinel LiMn,O, shows attractable merits for LIBs, it also suffers from 
some drawbacks, such as Jahn-Teller distortion and Mn dissolution. To inhibit the 
Jahn-Teller distortion, doping with Li or multivalent cations (e.g., Al, Mg) has been 
widely used because partial replacement of Mn can reduce the Mn** concentration 
and increase the average valence of Mn, thus suppressing the onset of Jahn-Teller 
effect. Although metal-doped LiMn,0, shows the enhanced electrochemical 
properties, it inevitably reduces the theoretical capacity owing to inactive element 
introduction. In this regard, a small amount of metal substitution is desirable. 
Another problem for spinel LiMn,O, is the Mn dissolution owing to the dispropor- 
tionation reaction of Mn” by forming Mn“ and soluble Mn” catalyzed by acidic 
species in the electrolyte. Moreover, Mn” can react with LiPF; salt to produce more 
acidic by-products. To mitigate or address such problems, the surface modification 
strategy has been extensively employed. 


3.2 High-voltage spinel LiNip 5 Mn, 50,4 


Besides 4 V-spinel, another Mn-based spinel LiNio 5Mnı 504 (LNMO) also shows 
considerable attention for LIBs in recent years. Owing to high working voltage 
(4.7 V vs. Li/Li*), such spinel shows the highest specific energy (650 wh kg“ at 
a material level) compared to other cathode materials (LCO, 540 Wh kg”; LFP, 


y LiO, Tetrahedra 


Figure 6. 
Crystal structures of (a) spinel LiMn204 and (b) spinel LiNio.5Mn1.504. 
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500 Wh kg”; LMO, 500 Wh kg). The interstitial space in the spinel framework 
offers 3D Li" diffusion channels. Owing to its high working voltage, LNMO 

has become a very promising candidate for replacing spinel LiMn,0; cathode. 
Moreover, relatively benign metal elements make such a material a top choice for 
next-generation high-power batteries. However, there are still some serious limita- 
tions to restrict its commercial applications. Ni is active with the two Ni”/Ni* and 
Ni**/Ni** couples at a 4.7 V, while Mn is inactive without capacity contribution. 
Although Ni” /Ni™ and Ni**/Ni** electrochemical couples provide favorable high 
working voltage, they also bring some unwanted side reactions between active 
component and electrolyte, which gives rise to a considerable thickening of the 
protective solid-electrolyte interphase (SEI) layer passivating the material surface, 
thus leading to Li’ ion diffusion obstacle. 

High redox couple of Ni**/Ni** easily incurs the decomposition of conventional 
carbonate-based electrolyte. It is difficult for pure LNMO phase to be synthesized 
because of mixed ordered and disordered LNMO phase owing to oxygen deficiency 
caused by high-temperature annealing. In addition, the Li,Ni,_,O, impurity prob- 
ably forms as the second phase. Compared to ordered LNMO phase with P4332 space 
group, disordered phase is relatively easily synthesized. The disordered spinel shows 
a better electrochemical performance than ordered spinel because the disordered 
one has an increased Li* ion diffusion coefficient. However, the presence of a small 
amount Mn” in the disorder phase will cause a non-negligible capacity fading during 
cycling, especially at elevated temperature. In this respect, introducing metal dop- 
ing is an effective strategy to increase the average valence of Mn in the spinel. Mn** 
concentration in the spinel can be also decreased by reannealing treatment, which can 
also reduce oxygen defect and impurity amount, resulting in better electrochemical 
performance. In recent years, various strategies have been widely used to enhance elec- 
trochemical performance of LNMO, such as doping and surface coating. Metal doping 
can provide better chemical and structural stability and higher electrical conductivity. 
For example, Ti-doped LNMO improved the disordering of the transition metals and 
lowered the symmetry from simple cubic structure (P4332) to face-centered spinel 
(Fd3m) [16]. Importantly, Ti-doped LNMO spinel shows higher working voltage, 
faster Li* ion diffusion, and better rate capability than undoped spinel. Fe doping in 
the high-voltage spinel can stabilize the solid during repeated cycling, leading to better 
cycling performance [17]. Thus, double doping by using Ti and Fe is an effective strat- 
egy to synergistically enhance the structural stability of LNMO. Additionally, other 
dopants including Cr, Ru, Zr, Al, and Mg can show better rate capability and cycling 
performance. Besides metal doping, anion dopant can also enhance electrochemical 
performance of high-voltage spinel. For example, the F-doped LNMO can restrict the 
formation of NiO impurity and change the lattice parameters and bonding energy 
[18], leading to fine structure and significantly enhanced cycling performance. 

On the other hand, similar to layered NMC, the interface stability of LNMO 
between electrode and electrolyte is also a key for achieving long-term cycling 
performance. It has been demonstrated that better stability can be obtained by 
coating more stable surface layer, such as metal (Zn, Au, Ag), metal oxides (ZnO, 
SnO,, ZrO), and metal phosphates (Li;PO,). For instance, ZnO-coated LNMO can 
effectively suppress Mn dissolution and increase the stability. More importantly, 
HF content in the electrolyte can be restricted because ZnO protection layer acts 
as a scavenger of fluoride anions from HF generated from the decomposition of 
LiPF salt in the electrolyte by transforming HF to ZnF; [19, 20]. Li3PO, protects the 
surface of LNMO and functions as a solid-electrolyte interface between active com- 
ponent and solid polymer electrolyte (SPE) to prevent the SPE degradation [21]. 
Such findings show that surface coating can not only enhance structural stability of 
LNMO but also restrict Mn dissolution, thus leading to improved cycling stability. 
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4. Polyanion-based cathode 
4.1 Olive LiFePO, 


Polyanion cathode materials have received considerable attention in LIBs owing 
to their stable crystal structure and long-term cycling performance. Since John 
B. Goodenough proposed LiFePO, as cathode materials for LIBs in 1997, it has 
received much investigation including academic and industrial activities. As shown 
in Figure 7, LiFePO, possesses an olive structure with space group Pnma. The O 
atoms are located in a slightly distorted, hexagonally close-packed arrangement. 
The P atoms occupy tetrahedral sites, while Li and Fe atoms occupy octahedral 
4c and 4a sites, respectively. The LiO¿ octahedra from edge-sharing chain along 
the b-axis. Each FeO, octahedron is linked with four FeO, octahedra by common 
corners in the b-c plane, forming zigzag planes. One FeO, octahedron has common 
edges with two LiO¿ octahedra. PO, groups share one edge with one FeO, octahe- 
dron and two edges with LiO¿ octahedra. 

Compared to layered LiCoO,, LiFePO, has excellent structural stability and 
thermal stability owing to the strong covalent P-O bonds in the (PO,)* polyanionic 
clusters. The host framework can make host stable enough upon repeating cycling 
without evident structural changes and temperature limitations and no loss of 
oxygen. These advantages offer safe enough application for LIBs. However, long- 
term air exposure at a moderate temperature will give rise to surface oxidation of 
LiFePO,/C nanocomposites with the formation of a LiFePO¿(OH) phase. Despite 
these drawbacks, the advantages of LFP including cycle stability, safety, environ- 
mental friendliness, and low cost make this material a very promising cathode 
candidate in LIBs. Currently, it has been successfully commercialized by many 
battery manufactures such as A123 and BYD. 

Although LiFePO, possesses many merits, it still has some drawbacks such as low 
intrinsic electric conductivity (~ 107° S cm”*) and low packing density. During past 
decades, much effort has been focused on addressing these problems by optimizing 
synthesis method, surface modification, reducing particle size, and metal doping [22]. 
Among them, surface modification has been widely accepted as an effective approach 
for enhancing the electronic conductivity of LiFePO,. Carbon coating is the most 
popular surface modification strategy for LiFePO,. It can not only improve the electric 
conductivity of active particle but also act as a reducing agent to prevent the formation 
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Figure7. 
The crystal structure of olivine LiFePO4 in projection along [001]. 
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Figure 8. 
Schematic diagram illustrating Li+ ion and electron transport pathways for active nanoparticle. 
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Figure 9. 

(a) The ideal structure of carbon-coated LiFePO4 nanoparticles by a complete and uniform coating, (b) HRTEM 
image of carbon-coated LiFePO4 single nanoparticles, (c) cycling performance of carbon-coated LiFePO4 at a 
current density of 0.1 Ag" between 2.0 and 4.3 V, and (d) charge/discharge profiles at different cycle numbers. 


of Fe** impurity phase, as illustrated in Figure 8. In the meanwhile, the dense protec- 
tion layer can effectively isolate the LiFePO, particle to inhibit the undesirable particle 
growth and self-aggregation. Nevertheless, a large amount of carbon reduces the 
volumetric energy density of the electrode. Various carbon sources have been used 

to generate carbon layer such as sucrose, starch, resorcinol-formaldehyde gel, sugar, 
carbon black, polypropylene, hydroxyethylcellulose, and so forth [22]. Therefore, car- 
bon coating should be thin enough on the active particle surface. Wang et al. prepared 
uniform carbon-coated LiFePO, nanoparticle by an in situ polymerization restriction 
method for the synthesis of C/LiFePO, nanocomposite with a semi-graphitic carbon 
shell with a thickness of 1-2 nm [23], as shown in Figure 9. Charge/discharge tests 
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show that the so-formed nanocomposites exhibit superior rate capability and cycling 
stability (Figure 9). In addition to the effect of carbon content in the nanocomposite, 
the resultant carbon by different organic precursors shows different electronic conduc- 
tivities, indicating that sp’-coordinated carbon exhibits higher electronic conductivity 
than sp’-coordinated or amorphous carbonaceous materials. Besides carbon coating, 
other surface modifications including metallic conducting layer and conducting poly- 
mer film are also investigated to enhance the electrochemical performance of LiFePO,. 
Besides LiFePO,, other polyanion-based cathode materials have also been developed 
such as LizV,(PO4)3, LiFeSO¿F, LiFeSiO,, and so on. 


5. Li-free cathode 


Besides the above Li-containing cathode, there are some Li-free cathode materials 
that have been studied for LIBs. The most common one is vanadium oxide. Owing to 
the multiple valence characteristic of vanadium (+2, +3, +4, +5), vanadium pentoxide 
(V205) possesses versatile redox-dependent properties and exhibits a great potential 
in the rechargeable batteries. V20; has a typical layered structure, which is very 
beneficial to Li*-ion intercalation/de-intercalation. In recent years, V205 has been 
widely studied as cathode materials for LIBs. V,O; is a typical intercalation compound 
with a layer structure with an orthorhombic structure belonging to P,,;mn space 
group. Figure 10 shows the crystal structure of orthorhombic V205, which consists of 
edge- and corner-sharing layered square pyramids, forming V20; nanosheets linked 
together by a weak V-O interaction orthogonal to the c-direction. In a single-layer 
slab, there are three crystallographically distinct oxygen centers (01, O2, and O3). The 
single coordinated terminal/apical vanadyl oxygen atom, O(1), has a relatively short 
V-O bond length of ca. 1.54 A; the bridging O2 oxygen connects with two adjacent V 
atoms by corner-sharing VO; square pyramids. The corresponding V-O bond length is 
ca. 1.77 A. The 03 with triply coordinated chaining O atoms connects three V atoms 
by edge-sharing VO; square pyramids, and the three corresponding V-O bond length 
are 1.88, 1.88, and 2.02 A. The orthorhombic V;O; can be described as highly distorted 
VO, octahedral building blocks to form the layered anisotropic structure. The long 
sixth V-O bond underlines the structural anisotropy of such material and the ability 
to insert guest species in perovskite-like cavities. During lithium insertion into layered 
V20;, it will induce the formation of vanadium bronzes as follows: 


VO; + xLi* +xe = Li, V205 (1) 


Besides crystallized V205, hydrated vanadium pentoxide (V205 nH,O) also shows 
promising lithium storage properties, such as V205 nH)O xerogels, V205 nH,O 
aerogels, and V20; nH,O glasses [24]. These low crystalline or amorphous materials 
exhibit attractive merits owing to their unique nanostructures (high active surface 
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Le a 
Figure 10. 


Crystal structure of orthorhombicV205, view from (a) ac plane, (b) ab plane, and (c) the coordination 
environment around a single vanadium atom. The V and O atoms are represented in yellow and blue spheres. 
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area, small particle size, high diffusion coefficients, low-volume change upon 
repeated Li insertion/extraction processes). An effective approach to increase the 
intercalation capacity of VO; is to adjust the interlayer structure and the interaction 
forces between the adjacent layers. Usually, when the interlayer distance between 
V20; layered structure increases, the lithium insertion capacity will increase. 
However, owing to the absence of lithium in the V205, Li metal or Li-containing 
anode must be used for LIBs. 


6. Thin-film battery applications of cathode materials 


Among various battery chemistries, thin-film batteries are considered as the 
most competitive power sources owing to their high volumetric energy density, 
gravimetric specific energy, superior power capability, and good flexibility, as 
shown in Figure 11. Each cell is constructed by cathode, anode, and electrolyte, 
which is the same to conventional LIBs. To achieve high specific energy of thin-film 
battery, two requirements must be met by electrode materials: (i) high specific 
charge density (in Ah kg”? and Ah L”) and (ii) high cell working voltage that 
requires high cathode redox potential and low anode redox potential. In addition, 
electrode reactions should be highly reversible on both cathode and anode for guar- 
anteeing good cycling performance. Thus, developing advanced battery chemistry 
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Figure 11. 

(a) Comparison of the gravimetric and volumetric energy density of various chemical batteries including 
Pb-acid, Ni-MH, Li-ion batteries, and thin-film Li-ion batteries. (b) Cross-sectional schematic diagram of 
thin-film Li-ion battery. 
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is a key for high-performance thin-film batteries. This section only focuses on 
cathode materials for their thin-film microbattery application. 

For practical cells, carbon-based anode and metal oxide cathode have been 
employed since they can offer maximum specific energy, sufficient power density, 
and long-term cycle life. Currently, several cathode materials (LiCoO,, LiNiO,, 
LiMn304, LNMO, and V205) are relatively popular. These electrodes are relatively 
stable in the air. In the case of V,O., lithium metal laminate is attached to the carbon 
anode. After filling in the electrolyte, the metallic Li reacts with carbon and gener- 
ates Li,C¿, which is a lithium source in the cell. 

LiCoO; is one of the most common used cathode materials for thin-film LIBs. 
Kuwata et al. prepared thin-film LIBs by using LiCoO,, amorphous SnO, and amor- 
phous Li,O-V,0;-SiO) as cathode, anode, and solid electrolyte, respectively [25]. As 
illustrated in Figure 12, the battery has an area of about 0.23 cm’, and the thickness 
is around 2 um. All films were grown by PLD. The thin-film battery is fabricated on 
the quartz glass substrate, and metal Pt was deposited by PLD onto the substrate 
as a current collector. The solid electrolyte Liz ¿Vo 6Sio.404 was prepared by solid- 
state reaction from Li,CO3, SiO), and V20; and then was pressed into a disk with a 
diameter of 13 mm and annealed at 1100°C for the targets. The LiCoO; powder was 
pressed and sintered in air (900°C) as cathode, and the SnO powder was pressed 
into the disk without annealing. As displayed in Figure 12, the thicknesses of SnO, 
LVSO, and LiCoO, films are estimated to be 150, 1100, and 400 nm, respectively. 
The total thickness of the battery is around 2 um. The interface between the LiCoO,, 
SnO, and LVSO electrolyte remained smooth before and after cycling. 
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Figure 12. 


(a) Schematic diagram (cross-sectional view) of thin-film LIBs, (b) SEM micrographs showing cross-sectional 
view before cycling, (c) after 100 cycles, (d) charge/discharge curves of the thin-film LIBs in the second cycle at 
a current of 44 mA/cm2, and (e) the specific capacity as a function of cycle number. 
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The thin-film battery was tested at a cutoff window of 3.0-0.7 V. As shown 
in Figure 12, the discharge capacity in the second cycle is about 9.5 mAh cm”, 
corresponding to 10-20% of LiCoO; utilization. The discharge potential gradu- 
ally decreases in the range from 2.7 to 1.5 V owing to the amorphous nature of 
the SnO film. Such a thin-film battery shows a rapid capacity decay in the first 
cycle, which is probably attributed to the irreversible formation of Sn-Li alloy and 
amorphous Li,O. Despite this, such battery was still cycled for 100 cycles with 
good Coulombic efficiency (Figure 12). 

As discussed previously, various cathode materials (LiCoO,, LiMn,O,, LiFePO,, 
V205) have been studied for thin-film LIBs. However, they show limited specific 
energies. To further improve the energy density of the Li-ion thin-film micro- 
battery, an effective solution is using high-potential cathode material. It is well 
known that LNMO is a very promising high-voltage cathode material owing to its 
high working potential at 4.7 V vs. Li/Li*. Nowadays, LNMO thin films have been 
deposited by various techniques such as sol-gel, electrostatic spray deposition, 
pulsed laser deposition (PLD), and RF magnetron sputtering deposition. Letiche 
et al. prepared LNMO thin film on functional current collector by a radiofrequency 
magnetron sputtering method [26]. The authors first solved the technological 
issue owing to PtSi phase which originates from the interdiffusion between silicon 
wafer and Cr/Pt current collector to form PtSi phase under annealing treatment. 
By doping the Cr layer with a dense and pinhole-free Al,O; thin film deposited by 
ALD acting as a barrier diffusion between the Si substrate and the LNMO layer, the 
synthesis process has been validated. In addition, the authors demonstrated that 
the deposition pressure plays a key role on the Ni-Mn cation ordering in spinel-like 
structure (P4332 ordered vs. Fd3m disordered spinel) and consequently on the elec- 
trochemical performance. It indicates that LNMO thin film deposited at 10°” mbar 
and annealed at 700°C exhibits a normalized capacity of 65 pAh cm”? um" 
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Figure 13. 

( a The as-prepared LNMO thin film, (b) TEM analysis of the cross section Si/Al203/Pt/LNMO/Ti/SiO2 
prepared by focus ion beam technique, (c) HRTEM image of the LNMO layer with a focus close to the Pt 
current collector in order to check the Pt/LNMO interface, (d) discharge curve of LNMO thin film at different 
annealing temperatures, and (e) evolution of the surface capacity vs. cycle number as a function of the thin- 
film thickness. 
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with good capacity retention during cycling. The Coulombic efficiency is highly 
dependent on the film thickness of high-voltage thin-film electrodes. 

As shown in Figure 13, the TEM image obtained by the focused ion beam (FIB) 
technique shows the different stacked layers on Si wafer where the thickness is close 
to 85 nm for Al,O;, 30 nm for Pt current collector, and 480 nm for LNMO thin-film 
electrode. Moreover, LNMO layer exhibits a polycrystalline nature with a different 
crystallized orientation (domains of - 20 nm), except for a thickness of 26.5 nm along 
the Pt layer where a (111) preferred orientation is seen, as displayed in Figure 13. The 
LNMO thin film annealed at 700°C delivers the best performance. 


7. Conclusions 


This chapter mainly discusses the development of currently the state-of-art 
cathode materials for LIBs and analyzes their potential applications in thin-film 
Li-ion microbatteries. For Li-containing cathode, layered structured LiCoO,, 
NMC, and NCA, spinel LiMn,0,, and polyanion-based LiFePO, are currently 
the most popular for LIBs. Among them, LiCoO; is mainly used in the field of 
consumer electronics, while LiMn;O,, LiFePO,, NMC, and NCA can be employed 
as power battery cathode materials for EVs. In particular, Ni-rich NCA and NMC- 
811 have been currently considered as the most attractive cathode candidate for 
long-range EVs due to their high specific energy compared to Ni-less NMC. In this 
respect, Ni-rich NMC cathode shows a sizable potential for high-energy thin-film 
LIBs in the future, but they are seldom investigated in thin-film Li-ion battery. 
Besides developing high-capacity cathode materials for realizing high-energy 
thin-film LIBs, exploiting high-potential cathode materials is also an effective 
strategy. Spinel LNMO is a very promising cathode candidate owing to its high 
redox potential (4.7 V vs. Li/Li*), which has been widely investigated as cathode 
for thin-film LIBs. Additionally, Li-free cathode materials including V205, V¿O;z, 
MoS), TiS), and MnO, show attractive advantages for thin-film LIBs. Finally, 
the commercial success of thin-film Li-ion batteries will largely depend on the 
significant breakthrough of electrode materials including cathode, anode, and 
solid electrolyte in terms of energy density, weight, size, flexibility, and electrode/ 
electrolyte interface. 
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Abstract 


Lithium-ion battery (LIB) has occupied the main position of portable electronic 
devices, and it is also playing an important role in energy storage and large energy 
storage. Thin film devices based on their diverse functions have great potential for 
wide application. Novel thin film devices need to be created for the improvement of 
electrochemical performance and safety of LIB. Our research focused on transpar- 
ent conductive films and new flexible porous carbon nanotube films for improving 
and enhancing the energy/power density and cyclic performance of LIB. Mean- 
while, different carbon nanotube films have their own additional advantages in 
strength and thermal conductivity to meet various functional requirements of LIBS. 


Keywords: carbon nanotubes, lithium-ion battery, cellulose, film, collector 


1. Introduction 


At present, fossil energy has been overexploited and overutilized. Traditional 
fuels are not only facing depletion of reserves but also causing serious air pollution 
and endangering human health. Comfortable, fresh, green, and pollution-free living 
environment has become the urgent need of humans [1-5]. Now energy problem 
and environmental protection have become two important issues in the world. With 
the rapid development of portable electronic equipment and transportation tools, 
many countries have devoted a lot of human and material resources to the devel- 
opment of high-performance energy storage devices [6-12] with low consumption 
and that are pollution-free. 

Thin film devices have so many functions which can be conductive, magnetic, 
luminous, catalytic, antibacterial, sound insulated, and flame retardant and other 
characteristics after compounding with different functional materials that are 
widely used in antistatic packaging materials, electromagnetic shielding mate- 
rials, new energy and electrochemical materials, heating materials, and sensing 
and braking materials [13-28] and other fields. For example, transparent con- 
ductive film has been extensively used in flat panel displays, solar cells, and touch 
panels and other fields because of its conductive and light transmission 
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characteristics [29-31]. However, commercial thin film devices which are widely 
used nowadays have high cost and poor bending resistance, so it is necessary to 
create new thin film devices. 

It has been 20 years after the discovery of carbon nanotubes (CNTs) by Japanese 
scientist Iijima in 1991 [32]. CNTs have become a hot carbon material for researchers 
to explore and develop its wider range of properties and applications actively. It is 
found that CNTs are one-dimensional materials with seamless, hollow, and single- 
walled or multi-walled tubular structures and curled by graphite [33-40]. CNTs have 
excellent electrical and mechanical properties, high aspect ratio, and good lithium 
insertion performance. Carbon nanomaterial-based transparent conductive films 
have good electrical conductivity, outstanding chemical stability [27, 29, 41-44], good 
substrate adhesion, and excellent mechanical flexibility and can be produced in large 
quantities and suitable for continuous filmmaking, which make CNTs occupy an 
important position in the field of new thin film devices, especially in the field of 
flexible transparent conductive films. And CNTs were also the earliest carbon 
nanomaterials [30, 37, 45-48] used to study transparent conductive films. Nowadays, 
the commercial production of CNTs has been very perfect. But CNTs are nanoscale 
materials, with large specific surface area and high surface energy, so CNTs show 
significant agglomeration effect. In addition, CNTs are one-dimensional fibrous 
nanomaterials with large length/diameter ratio, which makes CNTs have intertwined 
and binding properties similar to that of fibers. The interaction of the two properties 
makes CNTs form stable aggregates, affecting their further commercialized applica- 
tion [47, 49]. In order to solve this problem, researchers have searched for many 
methods of decentralization. Physical dispersion methods include grinding, ball mill- 
ing, ultrasonic oscillation, high-speed shearing, and so on [37, 38, 48-50]. Chemical 
dispersion methods include washing with strong acid and strong base and adding 
surfactant dispersant [51-54]. However, all the dispersion methods have their limita- 
tions, so it is difficult to obtain a stable carbon nanotube dispersion solution. There- 
fore, it is necessary to develop better dispersion methods or to make a kind of easily 
dispersed carbon nanotubes for better application in the development of thin 
film devices. 

In this work, we have created a method for manufacturing carbon nanotubes 
which can be dispersed easily (WhiskerCNT). Carbon nanotube transparent conduc- 
tive film (WTF), flexible porous carbon nanotubes films (FWFs), and active con- 
ductive film fabricated by WhiskerCNT have good physical and chemical properties. 


2. Preparation and characterization of WhiskerCNT 
2.1 Fabrication of WhiskerCNT 


Benzene was used as carbon source. Ferrocene was used as catalyst, and thio- 
phene was added into benzene to stir evenly. The input rate of raw materials is 
controlled by a micro pump. The carrier gas was composed of hydrogen and argon, 
and the gas flow velocity was controlled by a mass flowmeter. The reaction was 
carried out in a vertical furnace, and the preparation was carried out at a certain 
temperature gradient (the detailed production process is described in the 
corresponding patent of our research group). The purity of WhiskerCNT obtained 
by preliminary production is 95-97%, and further graphitization is needed to 
improve the purity. 

WhiskerCNT was placed in a graphitizing furnace, and high purity 
argon was introduced as a protective gas after vacuum extraction. When the 
furnace is cooled, WhiskerCNT can be removed. Then the purity can be over 
99.6%. 
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2.2 Characterization of WhiskerCNT 


Figure 1 is the morphological characterization of graphitized WhiskerCNT. 
WhiskerCNT is linear tubular structures with relatively small transverse lengths and 
large aspect ratios, and it is mainly distributed in a straight line, which makes the 
chances of bending and winding between WhiskerCNT and pipes small and easy to 
disperse (Figure 1a). WhiskerCNT diameter is about 50 nm. The nanotubes have a 
thin cavity in the middle. The layered structure of the tube wall is clear and orderly 
(Figure 1b), and the interval is 0.338 nm by calculating wall thickness and stories. 

Figure 2 is the characterization of graphitized WhiskerCNT. The sharp diffrac- 
tion peaks of graphitized WhiskerCNT show that WhiskerCNTs have high crystal- 
linity (Figure 2a). The D peak of Raman pattern is very low, indicating that 
WhiskerCNTs have a complete structure and an orderly arrangement (Figure 2b). 
The G peak is sharp, and the Ig/Ip is up to 16.95, which proves that WhiskerCNT 
has high graphitization degree and high purity. 


Figure 1. 
Morphological characterization of graphitized WhiskerCNT: (a) SEM and (b) TEM. 
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Figure 2. 
XRD pattern (a) and Raman pattern (b) of graphitized WhiskerCNT. 


3. WhiskerCNT transparent conductive films (WTF) 
3.1 Preparation of WTF 


The WhiskerCNT and graphitized WhiskerCNT were milled 2 h in a ball mill 
(200 r/min) to obtain fine powders. Two kinds of conductive fluids were prepared 
by adding the ball-milled WhiskerCNT (1 wt%) to ethanol with TNADIS (0.05 wt%) 
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and ultrasonic treating for 30 min and high-speed shearing for 1 h. The two 


conductive fluids were coated on the transparent PET film by spin coating. After 
spin coating for 1, 2, and 3 min separately, they were put into a vacuum drying 


box to dry. 
Item 1min 2 min 3 min 
WhiskerCNT Square resistance (kQ/sq) 103.3 10.6 3.7 
Transmittance (%) 68.30 57.90 52.80 
G-WhiskerCNT Square resistance (kQ/sq) 53.6 2.8 0.34 
Transmittance (%) 68.90 58.10 53.30 
Table 1. 


Square resistance and transmittance of WTF. 


Figure 3. 


SEM pattern of WTF. WhiskerCNT (a)-(c), graphitization WhiskerCNT (d)-(f). 
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3.2 Results and discussion 


It is found from Table 1 that the transmittance of the two films is similar, while 
the conductivity of G-WhiskerCNT WTF is stronger under the same spin coating 
time. With the increase of spin coating time, the transmittance of both films 
decreased, because WhiskerCNT gradually formed a continuous and dense network 
of electronic transmission paths from discontinuous interconnection (Figure 3). 


4. Flexible porous WhiskerCNT films 


In order to improve the electrochemical performance of lithium-ion batteries, a 
kind of flexible porous carbon nanotube films (FWFs) compounded of 
WhiskerCNT and cellulose fiber was prepared by process similar to papermaking 
method. 


4.1 Preparation of FWF 


Graphitized MWCNT powder was dispersed in deionized water by sonication 
for 2 h and followed by high-speed shearing for 2 h with an addition of sodium 
dodecylsulfate (SDS) as a surfactant. Cellulose pulp was prepared by immersing 
softwood pulp into deionized water and followed by high-speed shearing for 3 h. 
The MWCNT dispersion liquid and the cellulose pulp were mixed by high-shear 
emulsifier to form suspension for 3 h. The suspension liquid of cellulose and 
MWCNT pulp was infiltrated by vacuum filtration. A randomly interwoven fiber 
mat was obtained. The host was rolled and tailored for the activated materials. 


4.2 Characterization of FWF 


Figure 4(a) showed the SEM image of top surface of FWF with a random- 
in-plane weblike network structure. FWF host demonstrated homogenous incorpo- 
ration of WhiskerCNT in the cellulose fiber network. Figure 4(c) showed the 
cross-sectional image of FWF. The figures clearly displayed porous network struc- 
ture which provided sufficient void space for loading a large amount of active 
substance and accommodating the volume expansion of active substance during 
cycles. The coarse surface and interconnected channel permit good penetration of 
the electrolyte and active substance. WhiskerCNT is uniformly dispersed and 
attached on paper fiber (Figure 4b). A good three-dimensional conductive network 
was constructed with cellulose fiber as the framework and MWCNT as conductors. 
WhiskerCNTs have smaller nanostructures, so they fill, adsorb, and agglomerate 
on the surface of paper fibers and in the gap between paper fibers, acting as the 
carrier of paper fiber connection. FWF exhibited porous, flexible, and high specific 
surface area. Pore size distribution of FWF is shown in Figure 4(d). From the 
picture, we can see the host has big porosity. The special surface area of FWF 
reached 25.6 m?/g. 


4.3 FWF as collector in ternary materials of lithium-ion battery 
4.3.1 Preparation of positive electrode and half-cells 
After milling WhiskerCNT, SDS (CNTs:SDS = 90 wt%:10 wt%) and NMP 


solvents were added and followed by high-speed shearing for 4 hours. The 
WhiskerCNTs were dispersed fully and prepared into 5% solid content WhiskerCNT 
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Figure 4. 
SEM of FWF (a), (b). TEM of FWF (c). BET of FWF (d). 


dispersion solution. In the proportion of LNCM:WhiskerCNT:PVDF = 90 wt%:5 wt 
%:5 wt%:5 wt%, ternary cathode active materials were prepared, in which 
WhiskerCNT came from the preceding configuration of carbon nanotube dispersion. 
The cathode slurry was prepared by placing the prepared material in a sealed test 
tube, adding an appropriate amount of NMP, ultrasonic treating for 0.5 h, and 
shearing for 0.5 h at a high speed of 10,000 r/min. The cathode paste was divided into 
two equal parts, coated on aluminum foil and FWF, and dried at 60C. In the vacuum 
glove box, two kinds of electrode plates were assembled into a button cell, and the 
electrochemical performance of the cell was tested. 


4.3.2 Results and discussion 


Aluminum foil and FWF were coated with LNCM paste to assemble the battery 
and test the electrochemical performance of the battery. Figure 5 is a comparison 
of the first charge of lithium-ion batteries with two different collectors at a dis- 
charge voltage of 2.0-4.5 V at 0.1C. Among them, the first discharge-specific 
capacity of ternary/FWF electrode (a) is 184 mAh/g, and the first discharge- 
specific capacity of ternary/aluminum foil electrode (b) is 178 mAh/g. (a) relative 
to (b) the specific capacity increased by 3.3%. It shows that FWF instead of 
aluminum foil is the collector and has a certain specific capacity improvement 
effect at low magnification. 

The SEM of Figure 6 shows the microcosmic situation of three yuan doped with 
5% CNTs. It is observed that the ternary spherical particles are completely coated 
by Whisker CNT and even stacked in some places. WhiskerCNTs are one- 
dimensional carbon nanomaterials with large aspect ratio, as shown in Figure 6. As 
a conductive agent, a three-dimensional space conductive network system is 
formed by interpolating and overlapping the carbon tube with the carbon tube. 
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Figure 5. 
First charge/discharge curves of two kinds of different collector electrodes. 


Figure 6. 
SEM images of ternary cathode material doped with 5 wt% CNTs. 


At the same time, the three-dimensional network is distributed among the ternary 
particles, conducting the electronic transmission between the ternary particles and 
the particles. Compared with the traditional super carbon black (SP), the way of 
conducting carbon nanotubes is extremely efficient. At the same time, the carbon 
nanotubes were duplicated in the experiment, the utilization rate was not maxi- 
mized, and the content of carbon nanotubes could be reduced to reduce the cost. At 
the same time, it was found that the ternary cathode material on the ternary/ 
aluminum foil electrode was easy to detach, while the ternary/FWF electrode was 
tightly bonded and difficult to separate. It shows that three yuan/FWF is more solid 
than three yuan/aluminum foils and the two composite effects are better. The 
reason is that the surface of aluminum foil is smooth, and the internal pores of 
conductive paper are abundant, and the adsorption is strong, so the ternary material 
after coating penetrates into the interior of conductive paper and bonds closely with 
conductive paper, while the aluminum foil can only be attached to the surface. 
Figure 7 is the micrograph of ternary/aluminum foil electrode and ternary/FWF 
electrode. The reason why FWF is better than aluminum foil is analyzed. It can be 
seen from the observation (a) that, because the aluminum foil is smooth and flat, 
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the ternary coating on the aluminum foil contacts in the form of point to face, (a) 
fully showing that there is a large gap between the two interfaces due to this factor. 
In Figure 7(b) FWF, because of its uneven internal structure and rich pores, 
ternary materials penetrate into the interior of conductive paper, and ternary 
materials and conductive paper are closely combined. Therefore, the interfacial gap 
between ternary and FWF is basically absent in Figure 7(b), showing a good 
interfacial bonding effect. Because of the advantages of interface performance, the 
three-element/FWF electrode has better electrochemical performance at low mag- 
nification. 

The first 28 cycles of the 2 electrodes showed that the capacity retention rate of 
ternary/FWF electrode was 94% and that of ternary/aluminum foil electrode was 
94% at 0.1C. But the curve in Figure 8 shows that the specific capacity of the 
ternary/conductive paper electrode is higher than that of the ternary/aluminum foil 
electrode at a small rate, indicating that the specific capacity of the battery has been 
improved when FWF is used as a collector (the same information is shown in 
Figure 5). 

The ratio performance diagram of ternary/FWF electrode is shown on the left 
and the ratio performance diagram of ternary/aluminum foil electrode on the right. 
At 0.1, 0.5, 1, 2, and 0.1C discharge, the specific capacities of ternary/FWF elec- 
trodes are 184, 155, 120, 120, and 160 mAh/g, and the specific capacities of ternary/ 
aluminum foil electrodes are 178, 154, 138, 121, and 165 mAh/g. The specific capac- 
ity of ternary/FWF electrode was 184 mAh/g at 0.1C low rate, while that of 
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Figure 7. 
(a) SEM image of NCM/aluminum foil electrode and (b) SEM image of NCM/FWF. 
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Figure 8. 


Comparison of the two kinds of electrode's rate performance. NCM + FWF (a) and NCM + Al (b). 
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ternary/aluminum foil electrode was 178 mAh/g. However, at 1C and 2C high rate, 
the specific capacities of the ternary/conductive paper electrodes decreased to about 
120 and 120 mAh/g, and the specific capacities of the ternary/aluminum foil elec- 
trodes remained good and tended to be stable at about 138 and 121 mAh/g. It shows 
that ternary/FWE is better than ternary/aluminum foil electrode at low magnifica- 
tion, but there are some shortcomings at high magnification. The reason is that 
FWF becomes looser and decomposed after a long time of electrolyte infiltration in 
the late period of each rate discharge, resulting in the increase of resistance of 
electronic transmission channel and the decrease of capacity. During the discharge 
of 1C and 2C, it was suspended for 1 minute. Because of the looseness and micro- 
elasticity of the FWF, the specific capacity of the battery was temporarily increased 
and then began to decay after a short recovery period of 1 minute, so the discharge 
of 2C reached 1C mode again, showing the phenomenon that the specific capacity of 
2C was higher than that of 1C in the later period. 

Figure 9 shows the impedance spectrum comparison of the two electrodes. The 
starting point of high-frequency region and the intersection point of real axis are the 
resistance in solution (Rs), the semicircle in intermediate frequency region is the 
charge transfer resistance (Rct) between SEI film and solid electrode, and the line 
in low frequency region is the diffusion resistance Zw of lithium ion in solid 
electrode material. It can be seen from observation that the Rs of the two batteries is 
basically the same. The Rct of ternary/FWF electrode is 175 and that of ternary/ 
aluminum foil electrode is 275, indicating that FWF instead of aluminum foil as 
collector has a smaller charge transfer resistance, which is conducive to improving 
the electron migration rate and reaction depth during charging and discharging. 


4.3.3 Conclusions 


Graphitization treatment can improve the defects of carbon nanotubes, increase 
the degree of graphitization of carbon nanotubes, and make the arrangement of 
carbon atoms more orderly, which are conducive to the follow-up application. The 
initial specific capacity of ternary/FWF electrode is 184 mAh/g and that of ternary/ 
aluminum foil electrode is 178 mAh/g at 0.1C, which is 3% higher than that of 
aluminum foil electrode. After 28 cycles, the capacity retention rate is above 94%. 
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Figure 9. 
Impedance spectra of NCM/conductive paper electrode and NCM/aluminum foil electrode. 
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At 1C and 2C high rate discharge, the specific capacities of ternary/FWF electrodes 
are 120 and 120 mAh/g and that of ternary/aluminum foil electrodes are 138 and 
121 mAh/g. In contrast, the ternary/FWF electrodes have a greater attenuation 
because of the decomposition and shedding of FWF at the later stage, which needs 
to be solved. When FWF replaces aluminum foil as collector, the ternary/aluminum 
foil electrode Rct is 275, and the ternary/FWF electrode Rct is 175, which decreases 
by 36%, indicating that the impedance of the battery has been significantly 
improved. FWF instead of aluminum foil as collector has better interfacial perfor- 
mance; it makes ternary materials and collector substrate bond more closely, 
reduces the internal impedance of the battery, increases the specific capacity of 
ternary materials, and maintains better cycle performance, but the high rate per- 
formance needs to be improved. 


4.4 FWF as collector in Li-Si battery 
4.4.1 Preparation of electrode and half-cells 


WhiskerCNT powders and hollow silicon were mixed and then were dispersed by 
sonication and high-speed cutting in distilled water for 2 h, respectively. The disper- 
sant of polyvinylpyrrolidone (PVP) was added to improve the dispersion perfor- 
mance. The slurry of hollow silicon and WhiskerCNT was coated on the FWF. 

CR2025 coin-type cells were assembled in an Ar-filled glove box with a metallic 
lithium foil as the counter electrode. The electrochemical performance was tested 
by a cell tester with 1 M LiPF¢ in a mixture of ethylene carbonate (EC) and diethyl 
carbonate (DEC) as electrolyte. 


4.4.2 Results and discussions 


In Figure 10a, it can be observed that the distribution of hollow silicon is chaotic 
and disordered, and get agglomeration phenomenon. While there is a different 
situation in Figure 10b, hollow Si can embed into micropores of FWF evenly. 
Micron-sized hollow silicon is evenly dispersed in the high-porosity grid consisted 
by WhiskerCNT and fiber, forming a similar coating effect (Figure 10c), which 
solves the problem of nonconductivity of Si and increases the storage channel of Li+. 
The active material can be well penetrated into the layered porous structure of 
FWE. At the same time, the WhiskerCNTs in active materials and in FWF are well 
connected, which makes the interface resistance to decrease, the electron transfer 
channel to increase, and the cell polarization effect to decrease, thus increasing the 
utilization rate of active materials. Si hollow microspheres are wrapped in layers by 
WhiskerCNT (Figure 10d), which can accommodate and buffer the volume 
expansion of Si. Moreover, FWF adsorbs the active material well so that active 
material is hard to crack or be separated from the current collector. 

As shown in Figure 11, the first battery constant current discharge of 0.01 V, 
observed in the first discharge process to the long platform that disappeared in the 
subsequent cycle, corresponding to the SEI film, is achieved by irreversible reac- 
tion, which leads to the low efficiency of Coulomb in the loss rate and charging 
capacity. The copper collector silicon lithium-ion battery (CLIB) at a current den- 
sity of 0.02C, has an initial discharge capacity of 869 mAh/g, and Kulun for the first 
time efficiency is 38%. The second discharge reduced to 364 mAh/g, from the 
beginning of the battery capacity little attenuation, Kulun time efficiency was 
between 86 and 89%. The more stable cycle performance is attributed to the large 
volume change of the hollow silicon, which does not break, and the rapid diffusion 
of lithium ion in the hollow structure silicon. Even so, the volume change of silicon 
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Figure 10. 
SEM image of hollow Si-doped MWCNT compound material coated on copper foil (a), conductive paper 
(b, c), and its sectional drawing (d). 
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Figure 11. 
Charging-discharging curve of CLIB (a) and FCLIB (b). 


in the process of intercalation and debinding will lead to mutual extrusion and 
detachment between silicon particles. After repeated expansion and contraction, 
some silicon will even fall off from the copper foil collector. FWF collector for 
silicon-based lithium-ion battery (FCLIB) has an initial discharge capacity of 
2168 mAh/g, and Kulun for the first time efficiency is 61.5%. The second discharge 
capacity is 1335 mAh/g, also from the second charge discharge start battery rapidly 
stable than capacity little attenuation, Kulun time efficiency are close to 100%, 
and cycle the 30 time was 1300 mAh/g, showed excellent discharge performance 
(Figure 12). 

Under the current of 0.25C, PCLIB decreased continuously in the first eight 
times and then slowly reached 1150 mAh/g. When the small current density cycle is 
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Figure 12. 
Cyclic performance diagram of conductive paper battery under different current densities. 
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Figure 13. 
EIS test diagram of conductive paper battery: predischarge (a) and after 30 cycles (b). 


recovered, the specific capacity of CPLIB can be recovered to the original level. As 
figure PCLIB first circulated at the 2C current density for 30 times, it recovered to 
the 0.25C current, and the specific capacity recovered. This data shows the ability of 
PCLIB to maintain good specific capacity after repeated high current impact, long 
service life, and excellent cycling performance (Figure 13). 

To better understand the volume change and the stability of SEI layer, the 
impedance analysis was performed. As shown in the picture, the contact resis- 
tance of the PSiLIB interface decreases significantly after the cycle. This is 
because the contact interface between active material and the collector will 
form a contact interface, which will cause greater resistance. As the reaction 
proceeds, the material will penetrate or compound to each other, and the con- 
tact surface will decrease or form the transition layer. The interaction of FWF 
with the WhiskerCNT in the active material enhances the conductivity of the 
active material and makes the resistance of the electrode smaller. In addition, 
the layered porous structure of CNT has the ability to adsorb and store the 
electrolyte stronger than the copper foil, which can make the reaction more 
complete and thorough. 


4.4.3 Conclusions 
In the summary, FWF was used as host of hollow Si for high-performance 


Li-ion battery. FWF has a porous structure and interconnected channel and 
exhibited high conduction and high absorption of electrolyte. Hollow Si 
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penetrated into the network of FWF and achieved a low interface resistance 
which contributed to the high rate performance of the battery. FWF with 
interconnected channel can absorb an amount of electrolyte and accommodate 
the volume expansion of hollow silicon to prevent the cracking and pulveriza- 
tion of hollow silicon in cycles. All those help to enhance electrochemical per- 
formance of FWF electrode. The good cycle performance was ascribed to the 
accommodation and buffering effect of FWF to huge volume expansion of 
silicon during cycles. Therefore, it was believed that FWF has a useful applica- 
tion prospect as current collector for high-performance silicon-based lithium- 
ion batteries. 


4.5 Outlook for further improvement of FWF 


In order to further improve the functionality and practicability of FWF, we used 
aramid fibers instead of paper fibers to make flexible porous WhiskerCNT films 
with ultrahigh strength and toughness (SFWF), polyimide fiber to make flexible 
porous WhiskerCNT films with high thermal conductivity (TFWF), and hydroxy- 
apatite nanowires to make environmentally friendly multifunctional flexible porous 
WhiskerCNT films (EFWF). 

Aramid fiber has excellent properties such as ultrahigh strength, high mod- 
ulus, and high temperature resistance, acid and alkali resistance, and aging 
resistance, and insulation and has lightweight property, long life cycle, and so 
on. Its strength is 5-6 times that of steel wires, its toughness is 2 times that of 
steel wire, and its weight is only about 1/5 of that of steel wire. So it has been 
applied to many fields such as bulletproof products, special protective clothing, 
and so on. While SFWF produced by aramid fiber also has high strength, high 
toughness, and other properties by different kinds of performance testing. 
TFWF has higher thermal conductivity than FWF. Similarly, EFWF hydroxy- 
apatite nanowires have high temperature resistance, corrosion resistance, and 
fire resistance and are an environmentally friendly and biocompatible material, 
because hydroxyapatite is the main inorganic component of vertebrate bones 
and teeth. Therefore, EFWF has wider application fields. The above three thin 
film devices have completed the preliminary performance testing, and further 
electrochemical performance testing needs to be carried out. 


5. Conclusion and outlook 


In summary, we reported our study of transparent conductive thin films and 
FWF for lithium-ion battery applications. It has great potential application value 
for lithium-ion battery, energy storage equipment, and other fields. Meanwhile, 
TFWF and EFWF have better physical and chemical properties than FWF. And we 
believe they have better application prospects. 


87 


Lithium-Ion Batteries - Thin Film for Energy Materials and Devices 


Author details 
Xiaogang Sun*, Xu Li, Wei Chen, Jie Wang, Chengcheng Wei, Yapan Huang, 
Guodong Liang and Hao Hu 


School of Mechatronics Engineering, Nanchang University, Nanchang, China 


*Address all correspondence to: xiaogangsun@163.com 


IntechOpen 


O 2019 The Author(s). Licensee IntechOpen. Distributed under the terms of the Creative 
Commons Attribution - NonCommercial 4.0 License (https://creativecommons.org/ 


licenses/by-nc/4.0/), which permits use, distribution and reproduction for 
non-commercial purposes, provided the original is properly cited. 


88 


Flexible Porous Carbon Nanotube Films Intercalated with Active and Functional Materials... 


DOI: http://dx.doi.org/10.5772/intechopen.81787 
References 


[1] Park S, Vosguerichian M, Bao Z. A 
review of fabrication and applications of 
carbon nanotube film-based flexible 
electronics. Nanoscale. 2013;5(5):1727 


[2] Smith K, Wang CY. Power and 
thermal characterization of a lithium- 
ion battery pack for hybrid-electric 
vehicles. Journal of Power Sources. 
2006;160(1):662-673 


[3] Kennedy B, Patterson D, Camilleri S. 
Use of lithium-ion batteries in electric 
vehicles. Journal of Power Sources. 
2000;90 (2):156-162 


[4] Zhong S, Hu J, Wu Z, et al. 
Performance of lithium ion batteries 
using a carbon nanotube film as a 
cathode current collector. Carbon. 2015; 
81:852 


[5] Tang Z, He Y, Liu Y, et al. Effects of 
copper foil as cathode current collector 
on performance of Li-ion batteries. 
Corrosion Science and Protection 
Technology. 2007;19(4):265 


[6] Jinjin Z, Shuxia R, Yan-liang D, et al. 
Study on the influence of carbon 
nanotubes on the mechanical properties 
of Portland cement. Bulletin of the 
Chinese Ceramic Society. 2013;32(7): 
1361-1370 


[7] Terrones M. Science and technology 
of the twenty-first century: Synthesis, 
properties, and applications of carbon 
nanotubes. Annual Review of Materials 
Research. 2003;33(1):419-501 


[8] Yakobson BI, Avouris P. Mechanical 
properties of carbon nanotubes. Topics 
in Applied Physics. 2001:287-327 


[9] Anderson RE, Guan J, Ricard M, et al. 
Multifunctional single-walled carbon 
nanotube-cellulose composite paper. 
Journal of Materials Chemistry. 2010; 
20(12):2400-2407 


89 


[10] Hu L, Choi JW, Yang Y, et al. Highly 
conductive paper for energy-storage 
devices. Proceedings of the National 
Academy of Sciences. 2009;106(51): 
21490-21494 


[11] Jung R, Kim HS, Kim Y, et al. 
Electrically conductive transparent 
papers using multiwalled carbon 
nanotubes. Journal of Polymer Science 
Part B: Polymer Physics. 2008;46(12): 
1235-1242 


[12] Tian H, Yang Y, Xie D, et al. A novel 
flexible capacitive touch pad based on 
graphene oxide film. Nanoscale. 2013; 
5(3):890-894 


[13] Malara F, Manca M, Marco LD, et al. 
Flexible carbon nanotube-based 
composite plates as efficient monolithic 
counter electrodes for dye solar cells. 
ACS Applied Materials & Interfaces. 
2011;3(9):3625 


[14] Hecht DS, Hu L, Irvin G. Emerging 
transparent electrodes based on thin 
films of carbon nanotubes, graphene, 
and metallic nanostructures. Advanced 
Materials. 2011;23(13):1482-1513 


[15] Brennan LJ, Byrne MT, Bari M, et al. 
Carbon nanomaterials for dye- 
sensitized solar cell applications: A 
bright future. Advanced Energy 
Materials. 2011;1(4):472-485 


[16] Hu L, Hecht D, Grúner G. 
Percolation in transparent and 
conducting carbon nanotube networks. 
Nano Letters. 2014;4(12):2513-2517 


[17] Meng Y, Xu XB, Li H, et al. 
Optimisation of carbon nanotube ink for 
large-area transparent conducting films 
fabricated by controllable rod-coating 
method. Carbon. 2014;70(2):103-110 


[18] Tenent RC, Barnes TM, Bergeson JD, 
et al. Ultrasmooth, large-area, 


Lithium-Ion Batteries - Thin Film for Energy Materials and Devices 


high-uniformity, conductive transparent 
single-walled-carbon-nanotube films for 
photovoltaics produced by ultrasonic 
spraying. Advanced Materials. 2010; 
21(31):3210-3216 


[19] Wang J, Liang M, Fang Y, et al. Rod- 
coating: Towards large-area fabrication 
of uniform reduced graphene oxide 
films for flexible touch screens. 
Advanced Materials. 2012;24 (21): 
2874-2878 


[20] Hellstrom SL, Lee HW, Bao Z. 
Polymer-assisted direct deposition of 
uniform carbon nanotube bundle 
networks for high performance 
transparent electrodes. ACS Nano. 
2009;3(6):1423-1430 


[21] Parekh BB, Fanchini G, Eda G, et al. 
Improved conductivity of transparent 
single-wall carbon nanotube thin films 
via stable postdeposition 
functionalization. Applied Physics 
Letters. 2007;90(12):2513 


[22] Fukaya N, Dong YK, Kishimoto S, 
et al. One-step sub-10 um patterning of 
carbon-nanotube thin films for 
transparent conductor applications. ACS 
Nano. 2014;8(4):3285-3293 


[23] Trung TQ, Ramasundaram S, 
Hong SW, et al. Flexible and 
transparent nanocomposite of reduced 
graphene oxide and P(VDF-TrFE) 
copolymer for high thermal 
responsivity in a field-effect transistor. 
Advanced Functional Materials. 2014; 
24(22):3438-3445 


[24] Kim SH, Song W, Jung MW, et al. 
Carbon nanotube and graphene hybrid 
thin film for transparent electrodes 
and field effect transistors. Advanced 
Materials. 2014;26(25):4247-4252 


[25] Wu Z, Chen Z, Du X, et al. 
Transparent, conductive carbon 
nanotube films. Science. 2004; 
305(5688):1273-1276 


90 


[26] Guo P, Song H, Chen X. 
Electrochemical performance of 
graphene nanosheets as anode material 
for lithium-ion batteries. 
Electrochemistry Communications. 
2009;8(1):137-142 


[27] Cao X, Chuan X, Li S, et al. Hollow 
silica spheres embedded in a porous 
carbon matrix and its superior 
performance as the anode for lithium- 
ion batteries. Particle & Particle 
Systems Characterization. 2016;33(2): 
110-117 


[28] Yang Y, Wang Z, Zhou Y, et al. 
Synthesis of porous Si/graphite/carbon 
nanotubes@C composites as a practical 
high-capacity anode for lithium-ion 
batteries. Materials Letters. 2017;199: 
84-87 


[29] Ma T, Yu X, Li H, et al. High 
volumetric capacity of hollow 
structured SnO,@Si nanospheres for 
lithium-ion batteries. Nano Letters. 
2017517 (6):3959 


[30] An W, Fu J, Mei S, et al. Dual 
carbon layers hybridized mesoporous 
tin hollow spheres for fast-rechargeable 
and high-stable lithium-ion battery 
anode. Journal of Materials Chemistry 
A. 2017;5(27) 


[31] Jeong MG, Du HL, Islam M, et al. 
Self-rearrangement of silicon 
nanoparticles embedded in micro- 
carbon sphere framework for high- 
energy and long-life lithium-ion 
batteries. Nano Letters. 2017;17(9) 


[32] lijima S. Helical microtubules of 
graphitic carbon. Nature. 1991; 
354(6348):56-58 


[33] Yoon S, Lee S, Kim S, et al. Carbon 
nanotube film anodes for flexible 
lithium ion batteries. Journal of Power 
Sources. 2015;279:495-501 


[34] Chen S, Shen L, Peter A, et al. Dual- 
functionalized double carbon shells 


Flexible Porous Carbon Nanotube Films Intercalated with Active and Functional Materials... 


DOI: http://dx.doi.org/10.5772/intechopen.81787 


coated silicon nanoparticles for high 
performance lithium-ion batteries. 
Advanced Materials. 2017:1605650 


[35] Ye H, Xin S, Yin YX, et al. Advanced 
porous carbon materials for high- 
efficient lithium metal anodes. 
Advanced Energy Materials. 2017: 
1700530 


[36] Luo F, Chu G, Xia X, et al. Thick 
solid electrolyte interphases grown on 
silicon nanocone anodes during slow 
cycling and their negative effects on the 
performance of Li-ion batteries. 
Nanoscale. 2015;7(17):7651 


[37] Wang H, Li Z, Ghosh K, et al. 
Synthesis of double-walled carbon 
nanotube films and their field emission 
properties. Carbon. 2010;48(10): 
2882-2889 


[38] Shinke K, Ando K, Koyama T, et al. 
Properties of various carbon 
nanomaterial surfaces in bilirubin 
adsorption. Colloids & Surfaces B: 
Biointerfaces. 2010;77(1):18-21 


[39] Ghosh K, Kumar M, Maruyama T, 
et al. Micro-structural, electron- 
spectroscopic and field-emission studies 
of carbon nitride nanotubes grown from 
cage-like and linear carbon sources. 
Carbon. 2009;47(6):1565-1575 


[40] Beaulieu LY, Hatchard TD, 
Bonakdarpour A, et al. Reaction of Li 
with alloy thin films studied by in situ 
AFM. Journal of the Electrochemical 
Society. 2003;150 (11):A1457-A1464 


[41] Wada T, Ichitsubo T, Yubuta K, 

et al. Bulk-nanoporous-silicon negative 
electrode with extremely high 
cyclability for lithium-ion batteries 
prepared using a top-down process. 
Nano Letters. 2014;14:4505-4510 


[42] Lv Q, Liu Y, Ma T, et al. Hollow 
structured silicon anodes with stabilized 
solid electrolyte interphase film for 
lithium-ion batteries. ACS Applied 


91 


Materials & Interfaces. 2015;7: 
23501-23506 


[43] Sun XG, Qiu ZW, Chen L, et al. 
Industrial synthesis of Whisker carbon 
nanotubes. Materials Science Forum. 
Trans Tech Publications Ltd. 2016; 
852:514 


[44] Huang X, Yang J, Mao S, et al. 
Controllable synthesis of hollow Si 
anode for long-cycle-life lithium-ion 
batteries. Advanced Materials. 2014; 
26 (25):4326-4332 


[45] Ma H, Cheng F, Chen J, et al. Nest- 
like silicon nanospheres for high- 
capacity lithium storage. Advanced 
Materials. 2010;19(22):4067-4070 


[46] Zhou XY, Tang JJ, Yang J, et al. 
Silicon@carbon hollow core-shell 
heterostructures novel anode materials 


for lithium-ion batteries. Electrochimica 
Acta. 2013;87(1):663-668 


[47] Sheng L, Jin A, Yu L, et al. A simple 
and universal method for fabricating 
linear carbon chains in multiwalled 
carbon nanotubes. Materials Letters. 
2012;81(3):222-224 


[48] Ghosh K, Kumar M, Maruyama T, 
et al. Tailoring the field emission 
property of nitrogen-doped carbon 
nanotubes by controlling the graphitic/ 
pyridinic substitution. Carbon. 2010; 
48(1):191-200 


[49] Ghosh K, Kumar M, Maruyama T, 
et al. Microstructural, electron- 
spectroscopic and field-emission studies 
of carbon nitride nanotubes grown from 
cage-like and linear carbon sources. 
Carbon. 2009;47:1565-1575 


[50] Andoa K, Shinkea K, Yamadaa S, 
Koyamab T, et al. Fabrication of carbon 
nanotube sheets and their bilirubin 
adsorption capacity. Colloids and 
Surfaces B: Biointerfaces. 2009;71(2): 
255-259 


Lithium-Ion Batteries - Thin Film for Energy Materials and Devices 


[51] Kumar M, Ando Y. Camphor—A 
botanical precursor producing garden of 
carbon nanotubes. Diamond & Related 
Materials. 2003;12:998-1002 


[52] Shimizu T, Abe H, Ando A, et al. 
Electric transport measurement of a 
multi-walled carbon nanotube in 
scanning transmission electron 
microscope. Physica E: Low- 
dimensional Systems and 
Nanostructures. 2004;24:37-41 


[53] Taniguchi M, Nagao H, Hiramatsu 
M, et al. Preparation of dense carbon 
nanotube film using microwave plasma- 
enhanced chemical vapor deposition. 
Diamond & Related Materials. 2005; 
14(1):855-858 


[54] Endo M et al. Stacking nature of 
graphene layers in carbon nanotubes 
and nanofibres. Journal of Physics & 
Chemistry of Solids. 1997;58(11): 
1707-1712 


92 


Chapter 6 


TiO, Nanoparticles Prepared 
by Sol-Gel Method for Anode 
Application in Lithium-Ion 
Batteries 


Wafaa Nachit, S. Touhtouh, Z. Ramzi, K. Benkhouja 
and R. Yazami 


Abstract 


TiO, nanoparticles are prepared via sol-gel method using titanium tetraisop- 
ropoxide (TTIP) asa precursor under refluxing and controlled pH. It is found that 
pure anatase phase is obtained with pH 10. Further characterization studies are 
carried out on pure nanoparticle anatase phase by XRD, SEM, and transmission 
electron microscope (TEM). Their electrochemical performances as anode mate- 
rial in lithium-ion batteries are investigated by cyclic voltammetry, galvanostatic 
cycling, and rate capability measurements. A high discharge capacity of 321 mAh/g 
(vs. 335 mAh/g theoretical) is achieved at 1C rate. After the first galvanostatic 
charge/discharge cycle, voltage profiles show plateaus at 1.75 and 1.95 V versus Li 
at discharge and charge, respectively. High Coulombic efficiency (>99%) is main- 
tained after 300 cycles, which makes anatase TiO, nanoparticles prepared by sol-gel 
method, a very promising material for anode application in lithium rechargeable 
batteries. 


Keywords: TiO, nanoparticles, anode, lithium-ion batteries, electrochemical 
characteristics 


1. Introduction 


Nanostructured titania (NST) TiO, is a very promising alternative anode mate- 
rial compared with the commercialized lithium titanate Li,Ti,5 O12 and graphite 
materials for lithium-ion battery application in particular when fast charging is 
required [1-3]. Fast charging while keeping long battery operational life is one of 
the most challenging tasks in lithium-ion batteries nowadays. Both mobile electron- 
ics and electro-mobility sectors need fast charging to compensate for relatively low 
energy density which impacts the operation time and driving range. One serious 
option to cope with charging time limitations resides in developing new materials 
able to store large amounts of lithium in a very short time. Nanomaterials, including 
NST, are among the most promising in this regard. 

Good performances of NST result from their outstanding characteristics such as: 
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i. A low volumetric change upon lithium-ion intercalation and de-intercalation 
providing a high crystal structure stability and long cycle life 


ii. A fast diffusivity of lithium ions within the TiO, structure providing fast 
charging and high power discharge 


iii, A practical low operating voltage 
iv. An enhanced safety 


Several methods have been used for the synthesis of NST, including hydrother- 
mal [4-10], sol-gel [5-11], hydrolysis [12, 13], atomic layer deposition [14], and 
anode deposition [15], for the most reported in the literature. According to the 
synthesis method and to the post-thermal treatment conditions, NST of different 
morphologies are obtained such as nanorods [4, 17], nanotubes [5-6, 8-9, 14, 17], 
nanofibers/nanowires [11-20], nanoparticles [6, 7, 10], nanocomposites [12, 21], 
nanofilms, and nanosheets [15, 22]. 

Several polymorphs of TiO, are known such as tetragonal rutile and anatase, 
orthorhombic brookite, and monoclinic TiO2(B) [23]. Anatase and TiO;(B) have 
open-channel structure and show high cycle capacity compared to rutile TiO» [24]. 
Anatase has edge-sharing TiO¢ octahedra so that planar double chains are formed 
with a tetragonal body-centered space group (14;/amd) [25]. 

Li-ion diffusion in anatase occurs along the octahedral interstitial sites up to 
Lio s TiO» composition. Then the tetragonal structure reversibly transforms to 
the orthorhombic phase [26-30]. Anatase TiO anode material reversibly uptakes 
0.5 Li per TiO, formula with lithium insertion/extraction taking place at rela- 
tively low voltage and showing fast kinetics [29, 30]. However, 0.5 Li per TiO2 
corresponds to half of theoretical capacity of 335 mAh/g [31-33]. Enhancing 
practical capacity in NST should make this material more attractive for anode 
application in lithium-ion batteries [34]. 

When wet chemistry route is used to prepare NST, the medium pH is of a signifi- 
cant importance in the crystal structure and morphology of the final product [32]. 
Syntheses of TiO, anatase were mostly performed in acidic media usually at pH 
greater than 4.5 [33]. To the authors’ knowledge, there has been no report on sol-gel 
preparation of NST in alkaline pH. 

In this chapter, we show that unlike in acidic pH, which lead to mixed phases, 
pure anatase NST is obtained via sol-gel at pH 10. NST prepared at different pH 
are analyzed by XRD, transmission electron microscope (TEM), and SEM. The 
electrochemical properties of pure anatase phase NST are investigated by cyclic 
voltammetry and galvanostatic cycling, including rate capability tests in view of its 
application as anode material in lithium-ion batteries. 


2. Experimental 
2.1 Sample preparation 


NST are prepared via sol-gel method using titanium tetraisopropoxide (TTIP), 
distilled water, and 2-propanol. Hydrochloric acid and sodium hydroxide are mixed 
in 24 mL of 2-propanol to fix the pH to 1, 4, 10, and 13 and to control the hydrolysis 
process of the solution. 24 mL of TTIP is then slowly added to the mixture, followed 
by refluxing at 70°C to obtain the sol. 10 mL of distilled water is added to the solu- 
tion and left for 1 h under stir heating. 
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The obtained gel is dried at 70°C in air and then calcined at 500°C in air to 
produce NST powders. 


2.2 Characterization 


NST are characterized by X-ray diffractometry (XRD) using a PR-XPERT 
diffractometer (PW3064) with CuK, radiation (A = 1.5406 A), operating at 45 kV 
and 40 mA in 20 angular range of 10-70”. The morphology and particle size were 
examined by transmission electron microscope (TEM, JEOL, JEM-2010) and by 
field-emission scanning electron microscopy (FESEM, JEOL JSM-7600F, 5 kV). 


2.3 Electrochemical measurements 


The anode is prepared by mixing NST prepared at pH 10 as active material, 
acetylene carbon black as electronic conductor, and polyvinylidene fluoride (PVDF) 
as a binder in the weight ratio of 80:10:10 with N-methyl-2-pyrrolidone (NMP) 
to form a slurry. The slurry was coated on a copper foil by doctor blade and then 
vacuum dried at 110°C for 6 h. The anode loading is ~0.8 mg cm”. Lithium half-cells 
are assembled in a glove box under ultra-dry argon atmosphere (<1 ppm H20 and 
O2). Lithium metal was used as the counter and reference electrode. The electrolyte 
consisted of 1.0 MLiPF, solution in ethylene carbonate (EC) and diethyl carbonate 
(DEC) at a volumetric ratio of 1:1. The separator is microporous polyethylene. Li/ 
NST half-cells are investigated by cyclic voltammetry at 0.2 mV/s sweeping rate and 
by galvanostatic cycling at 1C-20 C rates, all between 1.0 V and 3.0 V versus Li. 


3. Results and discussion 
3.1 Physical characterizations 


Figure 1 shows the XRD patterns of TiO nanoparticles prepared at pH 1, 4, 10, 
and 13 and calcined at 500°C. X-ray patterns of anatase, rutile, and brookite are 
shown for reference. 

The sample prepared at pH 1 consists mostly of the rutile phase. All other 
samples are anatase with brookite impurities at pH 4 and 13. TiO) nanoparticles 
synthesized at pH 10 consist of highly crystalline anatase phase (00-004-0477). 
Table 1 summarizes the XRD data of TiO) nanoparticles synthesized at pH 10 
including diffraction peak 20, interlayer spacing “d,” and hkl indexes. Table 2 
gives the crystallographic characteristics of TiO, anatase phase prepared at pH 10 
as derived from the XRD data Rietveld refinement. Average crystallite sizes of 
nanoparticles synthesized at different pH are reported in Table 3 using Scherrer’s 
equation. The particle size is in -20-30 nm range with no obvious trends versus pH. 

Figure 2 shows TEM images of TiO, nanoparticles prepared at pH 10 at different 
magnifications. Figure 2a and b shows primary particles with relatively narrow size 
distribution. High-resolution TEM of Figure 2c shows the polycrystalline nature 
of the TiO, nanoparticles with well-resolved layers such as those assigned to the 
orientation corresponding to an interlayer of about 0.36 nm as indicated by an arrow. 

TEM image analysis allows particle-size distribution to be determined as shown 
in Figure 3. The particle-size distribution is built on a discrete set of clearly identifi- 
able grains, and, therefore, it is not necessarily representative of the overall descrip- 
tion of the sample. This is especially true for grain sizes close to the distribution tails 
where the probability of finding a very large or a very small grain under the TEM 
objective is rather low. The average size of about 17 nm is slightly lower than the one 
estimated from the XRD data. 
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Figure 1. 
XRD patterns of titania nanoparticles made at different pH. Anatase, rutile, and brookite spectra are also 
shown for reference. 


20 (°) d (nm) (hkl) 
25.31 0.3518 (101) 
36.98 0.2430 (103) 
37.82 0.2378 (004) 
38.61 0.2331 (112) 
48.05 0.1893 (200) 
53.92 0.1700 (105) 
55.09 0.1637 (221) 
62.13 0.1494 (213) 
62.70 0.1481 (204) 
62.80 0.1479 (116) 
Table 1. 


Indexation of XRD peaks on TiO, nanoparticles obtained at pH 10. 


SEM images of NST pH 10 are displayed in Figure 4a and b. High magnification 
Figure 4a shows primary particles with narrow size distribution aggregate into 
secondary particles of about 150-600 nm in size, whereas lower magnification 
Figure 4b shows agglomerated particles remain basically submicron in size. 


3.2 Electrochemical characterizations 


Figure 1a shows cyclic voltammograms of the Li/NST of pH 10 half-cell at 0.2 mV/s 
sweeping rate for 5 cycles. In the first cycle, two reduction peaks appear at 2.15 V 
and at 1.75 V, respectively, whereas only one re-oxidation peak is present at 2.10 V. 
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Phase apy Lattice parameters 
Anatase a@=ß=y=90° a=b=3.783 c = 9.5190 
(Tetragonal 141) 

Table 2. 


Characteristics of anatase crystal structure. 


pH Phase D (nm) 

1 Anatase-rutile 32.0 

4 Anatase-brookite 213 

10 Anatase 26.2 

13 Anatase-brookite 21.3 
Table 3. 


Crystallite size of TiO, nanoparticles synthesized at different pH. 


Figure 2. 

TEM images at different magnifications of TiO, nanoparticles prepared at pH 10. (a, b) Image analysis 
enables size distribution to be achieved. HR-TEM image of (c) shows polycrystalline structure with some 
preferred layer orientation such as with interlayer spacing of about 3.6 nm. 


In the following 4 cycles, only the reduction peak at 1.75 V and re-oxidation peak at 
2.10 V appeared. The first reduction peak at 2.15 V accounts for about 50% of the 
total discharge capacity of about 320 mAh/g, which is close to theoretical capacity 
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Figure 3. 
Grain size distribution for the TiO, at pH 10 from the TEM image analysis. 


Figure 4. 
SEM images of TiO, nanoparticles synthesized at pH 10. 


of 335 mAh/g of TiO, corresponding to 1 Li/TiO, ratio. The second reduction peak 

at 1.75 V accounts for the second half of the total capacity and is matched by the 
re-oxidation peak at 2.1 V. This situation remained almost unchanged during the four 
following cycles, that is, the capacity of the reduction peak at 1.75 V matches the one of 
the re-oxidation peaks at 2.1 V of about 140 mAh/g. 

The data shown above are confirmed during the two first galvanostatic cycles of the 
Li/NST cell displayed in Figure 5b. The first discharge profile shows two semi-plateaus 
at about 2.15 and 1.75 V, respectively, whereas the charge profile shows a main plateau 
at about 2.0 V. The first discharge semi-plateau accounts for nearly half of the total dis- 
charge capacity. The second half discharge capacity is matched by the charge capacity. 

Cyclic voltammetry and galvanostatic data suggest a two-step electrode reaction 
process: 


1. Irreversible formation of Lig sTiO, at ~ 2.15 V average voltage. 


2. Reversible formation of Li; TiO, from Lig 5 TiO, at ~ 1.75 V. During re-oxidation 
Lio 5 TiO, is formed from Li, TiO at about 2.1 V. 
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Electrochemical tests performed on Li/TiO, (pH 10) half-cells. (a) Cyclic voltammograms (CVs) at a scan 
rate of 0.2 mV/s for the first 5 cycles within a potential range from 1 to 3.0 V (vs. Li/Li*), (b) discharge-charge 
capacity of the first and second cycles at a specific current of 175 mA/g (1C), and (c) cycle capacity profile at 
1C rate for 50 cycles. 
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Figure 6. 
Rate capability (1C-20C) tests performed on Li/TiO, (pH 10) half-cells. (a) Discharge-charge voltage profiles, 
(b) discharge-charge capacity profile, and (c) cycle capacity and Coulombic efficiency profiles at 2C rate. 


The formation of lithium-rich Li, TiO; is supported by both theoretical and 
experimental data [30-35]. In the anatase phase, orthorhombic Lig s TiO; and 
distorted rock-salt structure Li,TiO; in which lithium cation occupy the octahedral 
sites have been stabilized due to kinetic effects. Metastability has been reported 
in Li-poor TiO, [30]. Accordingly, our data are consistent with reversible lithium 
intercalation in the stoichiometry range 0.5 < x < 1 in anatase Li, TiO), which 
corresponds to a theoretical capacity of 167.5 mAh/g. The cycle capacity profile in 


99 


Lithium-lon Batteries - Thin Film for Energy Materials and Devices 


Figure 5c shows a plateau at about 120 mAh/g at 350 mA/g rate. A lower capacity 
may be due to limitation in lithium uptake to Lip gs TiO and Lig 7TiO as reported 
in [36, 37]. 

The intercalation mechanism of Li ions into anatase has been studied in a variety 
of experimental and theoretical works [38]. The lithium-ion intercalation can be 
described by the following Eq. (1): 


TiOz+xLi*+xe" > Li TiO (1) 


TiO? maximum theoretical capacity is 335 mAh/g [39] which corresponds to 
x = 1and to the complete reduction of Ti“ to Ti”. This makes TiO, a highly com- 
petitive alternative to graphite anodes [40]. 

Practical capacity of anatase TiO is about 200 mAh/g associated with 0.6 Li 
mole reversible intercalation at 1.78 V versus Li*/Li [41]. It has been demonstrated 
that Li; TiO. composition can be obtained from anatase TiO, at high temperature 
[30] or with particle size below 7 nm [42]. 

The discharge-charge profiles at current rates ranging from 1.0C to 20C and cor- 
responding rate capability profiles are depicted in Figure 6a and b, respectively. It 
is worth noticing that after 10 cycles at 20C rate where capacity decreased to about 
50 mAh/g, the capacity at 1C rate was recovered during the following 10 cycles to 
about 137 mAh/g. This indicates a high stability of the anatase TiO, nanoparticles 
based anode toward high rate cycling. 

Figure 6c shows the cycle capacity profile at 2C rate for 300 cycles together 
with Coulombic efficiency. The latter stabilizes close to unity after the first 5 cycles, 
whereas the capacity gradually dropped to 82.4 mAh/g after 300 cycles indicating 
the high capacity retention and good cycling stability. 


4. Conclusion 


TiO, nanoparticles are synthesized by simple sol-gel method at different pH 
values and found to have particle size of 10-30 nm. XRD measurements show that 
the sample prepared at pH 10 crystallized to pure anatase phase. The TEM and the 
SEM images confirm the formation of nanoparticles with diameters of 10-30 nm. 
The TiO; nanoparticles prepared at pH 10 exhibit initial capacity of 321 mAh/g 
and a remarkable high Coulombic efficiency close to unity after 300 cycles at 2C 
rate. However, the first cycle efficiency is relatively low perhaps due to inherent 
metastability of Li-poor phases at the early stage of lithium intercalation. More 
work has currently been performed to improve the first cycle efficiency, therefore 
making anatase nanoparticles based anode more practical in rechargeable lithium 
batteries with fast charge and high lithium storage capacity. Among possible routes 
considered to improve the NTO initial cycle efficiency is the incorporation of a 
few amounts of lithium during sol-gel process so as to achieve a pre-lithiated phase 
making it easier to add more lithium during the first cathodic process. 
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Abstract 


Germanium thin-film anodes for Li-ion battery applications are the focus of 
the present work. As part of this chapter, we shall briefly review the use of germa- 
nium thin films in Li-ion batteries, and subsequently, new results pertaining to 
the effect of vinylene carbonate (VC) as electrolyte additive on the electrochemi- 
cal performance are presented. We have used cyclic voltammetry, galvanostatic 
charge-discharge and electrochemical impedance spectroscopy to investigate the 
performance. Thin-film electrode performance with 0 wt. %, 5 wt. %, and 10 wt.% 
VC as electrolyte additive was compared to understand the role of additive’s con- 
centration. The cell with 5 wt.% VC as electrolyte additive exhibited best perfor- 
mance with high specific capacity of 975 mAh/g, with a retention of 94 and 99% 
Coulombic efficiency at the end of 100 cycles. Ex situ surface chemical analysis of 
the solid-electrolyte interphase (SEI) layer has been studied in detail using X-ray 
photoelectron spectroscopy and correlated with the electrochemical performance. 


Keywords: surface chemistry, SEI layer, germanium thin films, electrolyte additives, 
vinylene carbonate 


1. Introduction 


With the ever-increasing demand for energy and storage, the need for lithium- 
ion batteries (LIB) with more safety, high-energy density, power density, and 
miniaturized size has become critical. Studies have focused on the development of 
new potential anode materials that could substitute for the commercialized graphite 
[1, 2]. The group (IV) elements (silicon, germanium, tin) undergoing the mecha- 
nism of alloying with lithium have gained attention owing to their high theoretical 
capacities (4200, 1600, and 994 mAh/g, respectively). Alloying materials have low 
working potential compared to that of conversion and most of the insertion metal 
oxides, which is the key parameter for high-energy density full-cell applications 
[3-5]. Among group (IV) elements, the Li-Si system gained attention for its large 
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gravimetric capacity. High-power application of Si anode is bottlenecked by the huge 
volume expansion (>300%) associated with alloying/dealloying and by the slow 
lithium-ion transport. Pulverization of electrodes and crack formation on the active 
layer leads to rapid capacity fading and poor rate capability over cycling [6-8]. 

Germanium has gained attention despite its high cost. It offers a high theoretical 
capacity of 1384 mAh/g (Li,sGe4) with improved kinetics, and it also possesses a 
volumetric capacity almost equal to Si (7366 Ah/L for Li,sGe, and 8334 Ah/L for 
Li1sSi4). Lithium-ion diffusivity is higher in Ge, i.e., -400 times the diffusivity in Si 
at room temperature, and germanium exhibits 10* times higher electrical conduc- 
tivity than Si [9-11]. 

Despite of all these attractive advantages, Ge has a few limitations that hinder 
its commercialization. Some unwanted side reactions between active material and 
electrolyte result in solid-electrolyte interphase (SEI) layer formation that comprises 
of lithium carbonates, lithium alkoxides, etc. The pulverization of material occur- 
ring due to the drastic volume change during charge/discharge generates an unstable 
SEI layer on electrode surface, and it also has been reported that diffusion length gets 
increased because of the aggregation of active particles. This results in increased cell 
impedance and attenuation of capacity and Coulombic efficiency [12, 13]. 

Many strategies have been adopted so far to minimize the volume expansion 
and to improve the electrochemical performance. Nanoscale Ge is considered as 
an effective method compared to bulk Ge because of the low volume expansion 
and less aggregation of materials. Increased surface area in nanoscale enhances the 
ion transport at the electrode/electrolyte interface and also decreases the diffusion 
length. Several groups investigated and reported the increased performance of Ge 
nanoparticles [13], nanocrystals [3], nanowires [2], and nanotubes [14] compared 
to bulk. The importance of surface coating (<1 um) and alloy formation has been 
reported by some groups [11]. It shows a reduction in volume expansion and 
increased electrochemical performance. Fabrication and implementation of Ge 
thin films (<250 nm thickness) can be treated as a promising solution for attaining 
stability, rate capability, and long life cycle because of its low volume expansion. 
Studies reported the improved performance of Ge films in terms of rate capabil- 
ity, electronic and ionic conductivity, retention, etc. [15, 16]. Silicon thin-film 
electrodes suffer crack formation and loss of electrical contact with the current 
collector. In contrast, even though crack formation occurs on the surface of the ger- 
manium electrode, no lack of electrical contact between material and current col- 
lector was observed and hence resulted in superior rate capability of Ge thin films 
[17]. Electrolyte additives accentuate the electrochemical performance. Vinylene 
carbonate (VC), fluoroethylene carbonate (FEC), vinyl ethylene carbonate (VEC), 
etc. are the commonly used additives. These additives will reduce and form stable 
layer on the electrode surface at a high potential. The surface layer thus formed will 
allow Li-ion transport through it and inhibit further electrolyte decomposition. SEI 
layer components depend on the functional groups present in the additive [18, 19]. 

Herein, we report the fabrication of Ge thin films by thermal evaporation 
process and study of its structural and electrochemical properties with/without 
the electrolyte additive, VC. Surface chemical analysis of SEI layer formation on 
Ge thin films was evaluated in detail to correlate with the electrochemical cycling 
stability. 


2. Brief review on germanium thin-film-based Li-ion battery electrodes 


Many groups had studied and reported the potential of germanium thin films as 
anode for LIB applications. Films were developed via thermal evaporation [6, 12, 17], 
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electron-beam evaporation [8, 15, 16, 20], sputtering [21-24], electrodeposition [25], 
and alloying [26-28]. 

Graetz et al. [6] did a comparative study between Ge nanocrystals (12 nm 
mean diameter) and amorphous thin films (60-250 nm thickness) as anodes for 
LIB. Nanocrystals were obtained by ballistic deposition, and amorphous film 
fabrication was done via thermal evaporation. In Ge nanocrystals, different Li-Ge 
crystalline phases were formed upon lithiation that ended up with severe capacity 
loss after a few cycles. It is because of the material decrepitating caused by increased 
stress during cycling. In case of a-Ge thin film, partition of film occurs due to the 
crack formation and propagation. These island-like partitions accommodate the 
volume change during cycling, ensuring proper electric contact between substrate 
and material. Upon lithiation, a-Ge became crystalline, and it remains as such dur- 
ing further delithiation. It delivered a capacity of 1.7 Ah/g over 62 cycles without 
any capacity loss, whereas Ge nanocrystals exhibited a capacity of 1.4 Ah/g with 
60% retention at the end of 50 cycles. Thin-film electrodes showed rate capability 
up to 1000 C with very less reduction in capacity. They suggest that the absence 
of defects, increased surface area, and reduction in diffusion length resulted in 
enhanced performance of a-Ge thin films. 

Germanium thin films were fabricated and coupled with single wall carbon 
nanotube (SWCNT) that acts as current collector. Dileo et al. [8] introduced a 
method to increase energy density of battery by the removal of inactive current 
collectors. They deposited Ge on SWCNT via electron-beam evaporation with 
different loadings of 10, 20, and 40%. Ge-SWCNT with 40 wt.% Ge exhibited 
an increased capacity of 800 mAh/g. Full cells were developed with 40 wt.% 
Ge-SWCNT as anode and commercialized LiCoO; as cathode, also used mesocar- 
bon microbead (MCMB) as anode for comparison. Ge-SWCNT/LiCoO, full cell 
maintained a constant discharge voltage of 3.35 V. Ge-SWCNT showed an improved 
anode energy density of 1600 Wh/kg compared to MCMB (670 Wh/kg). 

Bagetto et al. [17] presented the electrochemical and in situ X-ray diffraction 
study of Ge thin films for the better understanding of Li-ion insertion/deinser- 
tion mechanism. Upon complete lithiation, both the electrodes got transformed to 
crystalline Lij;Ge, leading to maximum storage capacity for the specified composi- 
tion. The rate capability test on evaporated films was conducted during delithia- 
tion. It was discharged from 0.1C to a high rate of 100C. Eve at 100C, it delivered 
high capacity that indicates the proper Li diffusion into the evaporated Ge films. 
Insertion reaction was similar in both the films, whereas during deinsertion they 
observed a slight difference in the peak position. They were not able to point a 
proper reason for the difference in reaction of Li with both the films, hence recom- 
mended the need of further investigations. Impedance analysis and electrochemical 
equilibrium revealed the potential of evaporated films as a promising anode mate- 
rial than sputtered one. 

Investigation on Ge thin films developed via radio frequency magnetron sput- 
tering was done by Laforge et al. [21]. Doped and non-doped Ge targets were 
used for the deposition. Effect of doping concentration and electrode thickness 
was reported in detail. Non-doped, n-doped, and p-doped Ge films with different 
thickness of 50, 100, 200, and 400 nm were studied. The capacity of non-doped 
sample decreased rapidly at high current densities compared to doped films. Also 
the conductivity of non-doped samples (>1.25 mS/cm) was too low. The n-doped 
Ge films showed best conductivity of 30 mS/cm, whereas p-doped only had 5 mS/ 
cm. This increased the life cycle of n-doped films compared to p-doped and non- 
doped. They prepared electrodes with different thickness of 50, 100, 200, and 
400 nm. The n-doped Ge film of thickness 200 nm exhibited best life cycle among 
others. It showed a stable discharge capacity of 780 pAhcm’/cm over 180 cycles. 
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In this work, they opened up the future scope for Ge as an eminent anode for thin- 
film battery applications. 

Liu et al. [25] studied and reported the electrochemical performance of mac- 
roporous germanium thin films developed by electrodeposition from ionic liquid. 
They did a comparative study between dense Ge and 3D-ordered macroporous 
(3DOM) films. 3DOM electrodes exhibited an improved rate performance and 
better life cycle compared to the other. At the end of 50 cycles, 3DOM film delivered 
a capacity of 844 mAh/g at 0.2C, whereas dense Ge film was only able to have a 
lithium storage of 611 mAh/g. Cracks formed on electrode surface of dense film led 
to pulverization of electrode and ended up in poor performance. Due to the porous 
structure of 3DOM, there was no crack formation. It played a role for minimizing 
the volume expansion and also increased the Li-ion diffusion pathways. 

Abel et al. [27] reported the improved electrochemical performance of 
nanocolumnar Geo ySeo 1 electrodes prepared via vacuum deposition. They did 
an investigation on Se-free and Se-alloyed Ge as anode. The addition of Se to 
nanocolumnar-structured Ge increased its Li-ion transport and thereby high rate 
performance. A film with a thickness of 100 nm got completely delithiated in a very 
short time of 5 s. Cells were highly stable over 1000 cycles at a rate of 61 A/g with 
a retention of 70%. At 1342 A/g, it exhibited a capacity of 940 mAh/g with 75% 
retention. Itis clear from the TEM images that during the first cycle, there formed a 
Li-Se high ionic conducting phase in the material that paved way for the enhanced 
performance. 


3. Structural, morphological, and electrochemical results ofthermally 
evaporated germanium thin films 


3.1 Experimental 


The deposition of thin-films was carried out in a cluster tool deposition 
system installed in the lab (Figure 1 shows the photograph of the system). The 
cluster tool system is equipped with multiprocess chambers (including DC, 
RF-magnetron sputtering, and thermal evaporation) connected through load-lock 
and transfer chamber separated by gate valves (for independent operation). The 
system is equipped to transfer samples from one process chamber to the other 
using magnetic transfer arms without atmospheric exposure of the samples. All 
the process chambers are equipped with turbo-molecular pump and a roughing 


Figure 1. 
(a) Physical vapor deposition system installed in the lab and (b) thermal evaporation chamber view during 
operation. 
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pump. For the present work, germanium thin films were deposited at room 
temperature on copper foil via thermal evaporation process with Ge granules as 

a source thermally evaporated from moly boat. Thermal evaporation chamber 

is loaded with a 5 x 5 cm? Cu foil (substrate) and pumped to a base vacuum of 

5 x 10° mbar prior to the evaporation process. The thermal evaporator uses a 
power supply of 200 A and 10 V maximum. Once the base vacuum is attained, 
the current was gradually increased from 0 to 70 A, and the germanium granules 
were allowed to completely evaporate at 70 A by maintaining the same for a few 
minutes. During deposition the substrate holder was rotated at 10 rpm to ensure 
uniformity over the area of deposition. The deposited films underwent structural 
and morphological characterization as well as electrochemical analysis. X-ray dif- 
fraction of the resultant films was obtained from Cu Ka X-rays (Bruker AXS D8 
Advance, Germany). Cross-section image was recorded using JSM 6490 (JEOL, 
Japan) scanning electron microscopy (SEM), while the surface images were 
recorded using JSM 7610FPlus (JEOL, Japan) field emission SEM microscope. 
Raman spectrum was collected using a 633 nm diode laser (Witech Alpha 300R, 
Germany). Surface analysis of the films was carried out with Axis Ultra spec- 
trometer (Kartos, UK) with monochromated Al-K, as X-ray source. The spectra 
obtained were calibrated based on C 1S peak at 284.6 eV. Galvanostatic charge- 
discharge performances were studied at room temperature using electrochemical 
workstation (Biologic Instruments, USA) with a voltage range of 0.012 V. Ge 
films deposited on Cu foil were cut into small pieces with a loading of 63 g/cm” 
for electrochemical testing in coin cells (CR 2032) crimped inside the argon-filled 
glovebox maintained with O, and H,0 levels <1.0 ppm (UNIlab Pro, MBRAUN, 
Germany). Lithium foil was used as counter electrode with glass microfibers 
(GF/D, Whatman) as separators and 1 M LiPF; dissolved in EC: DMC (1:1 vol. 
%) as electrolyte (PuriEL, Canada). VC additive electrolytes were prepared in 
glovebox by adding 5 and 10 wt.% of VC to the electrolyte under stirring for a 
few minutes. Cycled electrodes (100 cycles) were washed in dimethyl carbonate 
(DMC) and dried in the glovebox before the surface chemical analysis. 


3.2 Structural and morphological analysis 
Figure 2a shows the XRD pattern of the deposited Ge films. It is shown that the 


films obtained are crystalline in nature. Characteristic peaks of Ge were located at 
26.977, 45.2”, and 54.8? that correspond to 111, 220, and 311, respectively [13]; small 


Substrate 


Log Intensity (a.u.) 
Intensity (a.u.) 


20 25 30 35 40 45 50 55 60 65 70 180 200 2 300 380 400 480 
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Figure 2. 
(a) XRD of Ge film deposited on Cu-foil and (b) Raman spectrum of prepared Ge film. Inset shows the cross 
sectional SEM image of the Ge film. 
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shift in the peak positions could be due to strain effects. The presence of Cu/CuO, 
(substrate) peaks is indexed in the figure [29]. Raman spectrum of Ge films with a 
peak at 292 cm”? is depicted in Figure 2b, which represents the Ge-Ge transverse 
optical phonon mode. The sharp and intense peak confirms the local structural 
ordering of the film [22], while a small shift to lower frequency may be due to the 
strain effect. Inset in Figure 2 displays the cross-sectional SEM image of Ge film 
which clearly shows Ge layer thickness of about 125 nm. It also reveals the high- 
thickness uniformity of the deposited thin film. 


3.3 Electrochemical results 


The additive concentration was varied, and sample identifications are based 
on the weight percentage of the additive, 0 wt.% VC (without additive), 5 wt.% 
VC and 10 wt.% VC Ge electrodes, respectively. For the understanding of electro- 
chemical redox potentials of the deposited films, cyclic voltammetry was done at 
a scan rate of 0.1 mV/s in a voltage window of 0-1.2 V and is shown in Figure 3. 
Figure 3a-c corresponds to the 0 wt.% VC electrode, 5 wt.% VC, and 10 wt.% VC 
Ge electrodes, respectively. It is seen that for all three samples, there is a strong 
oxidation peak at 0.53 V due to the delithiation process. Reduction peaks were 
observed at 0.05, 0.14, 0.31, and 0.38 V that attributes to Li-Ge alloy formation [3, 
15]. In second and third cycle, two reduction peaks got shifted to 0.38 and 0.50 V 
for all three electrodes. Structural modifications happened during the first lithia- 
tion which contributes to the peak shift in further cycles. Oxidation and reduction 
peaks are well superimposed for all, which reveals the reversibility of the films. 
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Figure 3. 
Cyclic voltammogram of Ge films (a) without electrolyte additive (b) with 5 wt.% VC (c) with 10 wt.% VC 
and (d) first cycle reduction peaks of o wt.%, 5 wt.% and 10 wt.% VC samples in a voltage range of 0.6-1.8 V. 
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The first cycle reduction peaks of all the three samples in a voltage range of 0.6- 
1.8 V were shown in Figure 3d. The presence of peaks at 1.05 and 1.02 V in 5 wt. % 
and 10 wt.% VC films, respectively, is attributed to the reduction of VC [3]. 0 wt. 
%, 5 wt. %, and 10 wt.% VC films showed a reduction peak at 1.5 V. It may be due 
to the presence of SEI layer formed from surface oxides. Reduction of VC in 5 wt.% 
VC Ge film formed a stable layer on electrode/electrolyte interface that prevented 
it from further electrolyte decomposition which resulted in improved electro- 
chemical performance. 

Ge thin films were cycled at a current density of 1.6 A/g in a potential window 
of 0.01-2 V. Figure 4a-c shows the charge-discharge profiles of the germanium 
electrodes without and with electrolyte additives as indicated. Figure 4d depicts 
the life cycle of the material with and without using the electrolyte additive, VC. Ge 
electrodes with 5 wt.% VC and 10 wt.% VC show stable performance compared 
to the 0 wt.% VC. Unstable SEI layer formed on the electrode surface due to the 
electrolyte decomposition leads to capacity fade after a few cycles. Itis seen that 
the 0 wt.% VC electrode delivered a capacity of 871 mAh/g after the first discharge 
and gradually capacity decreased to 386 mAh/g with only 50% retention at the end 
of 100 cycles. Cell with 5 wt.% VC as electrolyte additive showed improved capac- 
ity compared to that of 10 wt.% VC. A high initial capacity of 975 mAh/g witha 
retention of 94 and 99.4% Coulombic efficiency (CE) at the end of 100 cycles was 
recorded for the 5 wt.% electrode. Whereas for 10 wt.% VC as electrolyte additive, 
the electrode exhibited lower initial capacity of 778 mAh/g and a CE of 99.4% at the 
end of 100 cycles. At higher potential, VC got reduced and formed a stable layer on 
electrode/electrolyte interface that contains poly VC compounds. The layer formed 
has proper Li-ion conductivity and also prevents the electrolyte from decomposi- 
tion. Improved performance of Ge electrode with 5 wt.% VC compared to 10 wt.% 
VC is attributed to the less amount of poly species formed on the electrode surface 
due to VC reduction. 

Electrochemical impedance studies were done on 0 wt. % VC, 5 wt. % VC, and 
10 wt.% VC electrodes for understanding the effect of electrolyte additive and is 
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Figure 4. 
Charge-discharge profiles of (a) Ge with o wt.% VC (b) Ge with 5 wt.% VC and (c) Ge with 10 wt.% VC 
(d) Cycling data of Ge electrodes with and without electrolyte additive. 


113 


Lithium-lon Batteries - Thin Film for Energy Materials and Devices 


Figure 5. 
(a) Electrochemical impedance spectroscopy of Ge films at OCV condition and (b) enlarged view of the region 
marked in 5(a). 


illustrated in Figure 5. Figure 5a indicates the electrochemical impedance spec- 
troscopy (EIS) results of the three electrodes. It is observed that except the 0 wt.% 
VC electrode, the electrodes with electrolyte additive show a depressed semicircle 
in the high-mid-frequency region followed by a straight line in the low-frequency 
region. 0 wt.% VC electrode shows only a straight line without any obvious semi- 
circle indicating a capacitive charge storage with poor electronic conduction. The 
semicircle intersection with the x-axis at high frequency gives information about 
the series resistance, and information about charge-transfer resistance is given by 
the intersection at mid-frequency region. The slope of the straight line in the low- 
frequency region gives information about Li-diffusion kinetics. Figure 5b shows the 
closer view of high-frequency region marked in (a). Series resistance (Rs) value is 
high for 0 wt.% VC compared to 5 wt. % VC and 10 wt.% VC samples. It exhibits a 
Rs value of 1715, 5.46, and 4.54 Q for 0 wt.% VC, 5 wt.%, and 10 wt.% VC samples, 
respectively. Charge-transfer resistance, Ret values of VC 5 wt.%, ad VC 10 wt.% 
electrodes were 106.0 and 237.8 Q, respectively, while the 0 wt.% VC electrode did 
not show any semicircle indicating infinite Re value. Lower R, ad Re values for the 
5 wt.% VC additive electrode validate the improved electrochemical performance 
discussed above. 


4. Surface chemical analysis of cycled germanium thin-film electrodes 


In order to gain a clear insight on the solid-electrolyte interphase layer, surface 
chemical analysis was performed. XPS analysis were carried out on as-deposited as 
well as 0 wt.%, 5 wt.%, and 10 wt.% VC additive electrochemically cycled elec- 
trodes (in charged condition, after 100 cycles). Figure 6a shows the high-resolution 
spectra of C 1s in which C-C peak at 284.65 eV which is common in all the samples. 
The numbers on the left side of the individual spectrum indicate the intensity 
multiplication factor for normalization. The presence of CO3, C—O, and C-O were 
observed at 289.85, 288.05, and 286.75 eV, respectively, only in cycled electrodes due 
to electrolyte decomposition. Peak intensity of carbonates is less in 5 wt.% electrode 
compared with 0 wt. % VC and 10 wt.% VC sample. C-Ge peak at 282.75 eV is seen 
only in 0 wt.% VC sample, which implies the SEI layer formation during cycling 
owing to the unwanted side reactions. Figure 6b shows the O 1S spectra of the films 
having OH” peak at 532.25 eV only for the as-deposited sample, whereas GeO, 
is present in all the four samples at 531.45 eV. The intensity of GeO, peak is high 
in cycled electrodes compared with the as-deposited. Li 1 s spectra are shown in 
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High resolution XPS spectra of (a) C 1s, (b) O 1s, (c) Li 1s, (d) Ge 2p, (e) Ge 3d and (f) F 1s of as-deposited 
Ge film and cycled electrodes with o wt.%, 5 wt.% and 10 wt.% VC. 


Figure 6c indicating the presence of LiF and Li,CO; at 55.95 and 54.95 eV, respec- 
tively, except for the as-deposited sample. This may be from the SEI layer formed on 
the surface of the electrodes due to the decomposition of electrolyte at low voltages. 
It is seen that the amount of Li,COy is high in 10 wt.% VC electrode compared with 
0 wt. % VC and 5 wt.% VC electrode. Peaks at 1219.35 and 121735 eV shown in 
Figure 6d correspond to GeO, and Ge, respectively. In as-deposited sample, Ge 
exists only in its elemental form. However, Ge is mostly observed to be as GeO, in 
cycled electrodes. Itis indeed important to note that the Ge peak shoulder was for 
the 0 wt.% VC electrode in Ge 2p3,2. It is believed to be due to the effect of noise and 
signal fluctuation as the intensity for the whole spectrum was too low (the intensity 
reported for this electrode is multiplied by a factor of 2 as indicated in the figure). In 
general, Ge 3d is preferable over Ge 2p if Ge concentration is low or if it is expected 
to be a buried layer. Ge 3d electrons are capable of penetrating from buried layer 
compared to that of Ge 2p electrons due to its higher kinetic energy. This can be 
further verified by recording the high-resolution spectra in Ge 3d region. Figure 6e 
shows the high-resolution Ge 3d spectra with Ge and GeO, peaks observed at 31.75 
and 29.45 eV, respectively. The presence of Ge peak for the electrodes cycled with 
VC electrolyte additive indicates a thin SEI layer. In 0 wt.% VC electrode, only 
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as-deposited 


5 wt.% VC (c) | 10 wt.% VC 


Figure7. 
FESEM images of the electrodes surface for (a) as-deposited Ge film, cycled electrodes with (b) o wt.%, 
(c) 5 wt.% and (d) 10 wt.% VC. 


the presence of GeO, is observed, which can be attributed to the thicker SEI layer 
formed by electrolyte decomposition during the cycling of electrodes [19]. Also Ge 
3d seems to be more sensitive to elemental germanium than Ge 2p as observed from 
its intensity. The 5 wt.% and 10 wt.% VC electrodes have both Ge and GeO, peaks 
that indicates thinner and stable SEI layer. The intensity of oxide peak is high in 

10 wt.% VC electrode [30, 31]. F 1s spectra is given in Figure 6f which depicts the 
presence of LiF, Li,PF,O,, and Li,PF, at 684.8, 685.7, and 686.9 eV, respectively [32]. 
As expected, these peaks are absent in as-deposited sample. The presence of LiF 
and Li,PF, is seen more in 10 wt.% VC electrode, while a small amount of F-O-Ge 
(~688.6 eV) and Li,PF,O, are observed in 0 wt.% electrode only. Increased amount 
of LiF, Li,COz, and GeO, in 10 wt.% VC electrode can act as an insulating layer for 
Li-ion diffusion that attenuates the electrochemical performance compared with 

5 wt.% VC electrode. Further to investigate the surface morphology of the as-depos- 
ited and cycled electrodes (after 100 cycles), SEM images were recorded; Figure 7 
shows the SEM images of as-deposited, 0 wt. % VC, 5 wt. % VC, and 10 wt.% VC 
electrodes. As-deposited films have smooth, pore-free, and crack-free surface. It is 
observed that carbon-rich SEI layer along with pores and cracks have been formed 
on the surface of 0 wt.% VC electrode compared to the other two electrodes, while 
10 wt.% VC electrode showed more porous and cracked surface compared to 5 wt.% 
VC electrode. This along with the XPS analysis indicates that 5 wt.% VC electrode 
high-performance anode is well correlated with the thin and stable SEI layer. 


5. Conclusions 
Ge thin-film anodes were developed via thermal evaporation process for LIB 
applications. Structural analysis revealed the crystalline nature of the depos- 


ited Ge film. The effect of VC as electrolyte additive and its concentration on 
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electrochemical cycling stability were studied in detail. Galvanostatic charge-dis- 
charge studies showed best performance for 5 wt.% VC compared to that of 0 and 
10 wt.% VC. It exhibited a high initial capacity of 975 mAh/g with a retention of 94 
and 99% Coulombic efficiency atthe end of 100 cycles. Cyclic voltammetry clearly 
showed the reduction of VC at 1.05 V in 5 wt.% additive sample that led to the 
formation of a stable and thin SEI layer on the film surface which prevented further 
electrolyte decomposition. This is attributed to the low-series and charge-transfer 
resistance values for 5 wt.% VC additive. Improved electrochemical performance 

of the electrode cycled with 5 wt.% VC was correlated with the surface chemical 
analysis of solid-electrolyte interphase layer. XPS results confirmed that the SEI 
layer had a mixed organic and inorganic composition for all the electrodes. The SEI 
layer composition with VC as electrolyte additive had LiF as a major component and 
significant amount of Li,PF,; in contrary, it was Li,PF,O, and negligible LiF for the 
electrode without VC additive. The presence of Li,CO; in all the electrodes indicated 
that it played a least significant role in the performance. The surface SEM images of 
the cycled electrodes were consistent with the electrochemical performance and its 
correlation with the XPS results. 
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